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Foreword

This final report of the Space Tug Automatic Docking Control
Study was prepared for the National Aeronautics and Space
Administration George C. Marshall Space Flight Center by
Lockheed Missiles & Space Company, Inc. in accordance with
Contract NAS8-2974T

The study effort herein was conducted under the direction of
National Aeronautics and Space Administration Study Manager,
Mr. Mario H. Rheinfurth; Mr.}mer C. Pack, alternate. The
report was prepared by the Loéicheed Missiles & Space Company,
Inc., Sunnyvale, by Mr. Jack Wohl, IMSC Study Manager. The
study results were developed during the period from August
1973, through July 197L.

There are two parts to this report:

(1) Final Technical Report
(2) LOCDOK User's Manual

Requests for additional information should be addressed to:

., Mr. Mario H. Rheinfurth
Chief, Dynamics and Trajectory Analysis Branch, Control Systéems Division

Systems Dynamics Laboratory - £D /5
Marshall Space Flight Center
Marshall Space Flight Center, Ala. 35812
Telephone (205) 453-2u4T0
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Section 1
INTRODUCTION

1.1 BACKGROUND

An important mission of the Space Tug is the recovery of satellites at

or below synchronous orbital altitudes for return to the Space Shuttle.

The docking operation is to be automatic with the possibility of TV

remote control available as a backup. The Tug must be able to auto-

matically dock with high probability on the first attempt. This study

is intended to provide a basis for designing such a system.

l.2

(a)

(o)

(e)

(a)

1.3

STUDY OBJECTIVES

Develop terminal docking control strategies and determine the

sensor requirements.

Assess the influence of the docking mechanism design on the type
and accuracy of sensor data required and the probability of

successful docking on the first attempt.

Assess the effects of a missed docking attempt on the Tug propellant

consumption and on the payload attitude control system.

Provide documentation of the resultant computer program. This is
to include a user's manual, decks and/or tapes, and flow charts
sufficient for running the program. Also included will be test

cases with the description of inputs and outputs.

AXES CONVENTIONS

The axes conventions used in this report, the LOCDOK Simulation, and

the User's Manual are shown in Figs. 1-1 through 1-4. The numbers shown

in the brackets of Fig. l1-4, Vehicle Coordinate System, are the APS engine
thrust numbers. In the LOCDOK printout the axial engines (fore-aft)

l-1
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have a valye of 1 for forward thrust. On the plots the axial thrust
has the value 9. Which engines are thrusting may be derived from the
following algebraic equations.

LOCDCK Printout

Axial engine No. = 1, + thrust

- 1, - thrust
Lateral engines No. =| 1, + z thrust + 3 + 1, -y thrust
-1, - z thrust -1 , +y thrust

On the 4020 plots

GUID Eng No. = [+/-, thrust] + 3[—/+, v thrust] +9 [+/-, D thrust]

1.4 VEHICLE CONFIGURATION

The Baseline Tug Configuration used in this study is shown in Fig. 1-5.

1-5
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1.5 CONVERSIONS TO SI UNITS*

From
Degrees (deg)

Inches (in.)
Peet (£t)

Nautical Miles (nmi)
Pounds, force (lbr)

Mass (slugs)
Torque (ft-lbr)

Moment of Inertia (slug-ft

Pounds, Mass (1b‘)

LOCKHEED MISSILES & SPACE COMPANY

To
Radians (rad)
centimeters (cm)
meters (m)
kilometers (km)
newtons (n)
kilograms (kg)

meter-newtons (m-n)
kilogram-metersa( kg—ma)

kilograms (kg)

*#Conversion Constants from NASA SP-T012, Ref. 1k.

1-7

Constants

deg* 0.01T45329

in.* 2,54

f£t* 0.3048

nmi* 1.852

1b* 4, L4822
slug* 14.5939
£t-1b* 1.35582
slus-ﬂ:a* 1.35582
lb.* 0.4532267




STANDARD CHARACTERISTICS FOR ANALYSIS

2.1 INTRODUCTION

The Standard Characteristics for Analysis is a compilation and specifi-
cation of the many vehicle and system parameters necessary to simulate

and analyze Automatic Docking of the Space Tug.

The characteristics should be considered a living document that will be
updated, modified, and added to as the vehicle and subsystem parameters

are more definitized.

These Characteristics could be used as the specifications for Space

Tug requirements.

The values shown in Section 2.2 are used for the preset data in the
LOCDOK Simulation. If these characteristics are changed the preset data
should be changed also.

LOCKHEED MISSILES & SPACE COMPANY




2.2 MASS PROPERTIES*

2.2.1 WVeight

kg (1m)
Dry Weight 2,341.4 5,166
Max Retrieval Wt for S&E Tug 1,164.8 2,570
Payloed Interface 669.0 1,476
Start Docking Wt 14,810.5 32,678
Burnout Weight 2,815.9 6,213
Total Propellants & Gases 23,185.2 52,921
Ignition Weight 26,326.5 58,086.8
2.2.2 Moments of Inertia and C.G.
Begin Orbit Start of Docking DRY

kgemo | (slug-1%2) | kg-m® | (s1ug-£t2) | xgm® | (slug-rt3)
Pitch (Iyy) 93;7“‘2-8 69:1~'1 58)907-7 43,448 24,071.2 17,754
Yaw (Izz) 93,1‘37:’ 68)916 58: 59k .4 l“3.7 a7 23,751.3 17, 518
Roll (Ixx) 7,819.0 5,767 T,157.4 5,279 6,495.7 b, 791
Tug C.G. 518.2 cm | 204 (in.) | 541.0 em | 213 (4n.) |612.1 em| 24l (1in.)
(tug station)

2.2.3 Attitude Control

Deadbands (total) rad (deg)
Roll, pitch, yaw 0.008725 0.5

Moment Arms m (zv)
Pitch, Yaw 0.90169 2.9583
Roll 2.05Th 6.75.

*Baseline Tug Definition Document Rev. A, 26 June 1972 as amended by data for
use on Space Tug Automatic Docking Control, 12 December 1973, Homer Pack.

2=2
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Attitude Control Gains

——— - Position Rate L
n/rad (1bt/rad) n/rad/sec (lbr/rad/uec)
Pitch 656.664  147.624 13,133.28 2,952.48
Yaw 653.163  146.837 13,063.27 2,936.T4
Roll 3k.972 7.8620 699.44 157.24
2.2.4 Propulsion
2.2.4.1 Engines
Toin (bit)  t¥sp Thrust Tp (11 o) | Tt (Uncert)
(nominal) (nomi4 (nominal) (nominal) \3=Slgm)
(10 - | 281 (1b,- (10,
nNe8sec f 26C n n-4eC r n=-sec z
sec) (1bf) sec) sec)
Main
Engine 6,672.33 1,500 | 44b F6,7‘23.3 15,000 {14,234.3] 3,200 |1,423.43] 320
APS
(Por-
Aft) 11.121 2.51230 |  h44k.8 100 22.2 5 2.2] .5
APS
(1ag) 11.12 { 2.5}23 w481 100 22.2 5 2.22] .5
2.2.4.2 Propellants, Usable
Start Orbit .{ Start Docking
) Mass Wei&tr m#e Mass Weight
n-sec (1bg-sec) kg [(1v) 1 nesec 1bg-sec kg | (1)
Main 99,533, 37022, 376,000 |22,842.650, 40052, 539,683}11,811, 395 12,057.31 26, 60k
APS 3
(For-aft) | 4
APS - £913,219.6 205, 300 §12.9] 911(910,31k.9 20h,647]  411.9 908.8
(Lateral)
2-3
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2.2.5 Docking Sensor (Scanning laser Radar) (Ref. 16)

PRF
Data Sampling Rate
Gimbal Freedom

Azimuth
Elevation

Gimbal Rates & Acceleration
Anguler Rate (Acq. Aver.)
Max Angular Rate (Tracking)
Anguler Acceleration

Acquisition Range
(99% probability of acquisition)

Acquisition Scan Pattern

Azimath
Elevation
Search Frame Time
Track Frame Time

Beamwidth
Bandwidth

Range Resolution
Angle Resolution

Range Accuracy (3-sigma Smoothed Data)
Angle Accuracy (3-sigma Smoothed Data)

1 KHz

16 per second
rad (deg)
0.5235 30
0.5235 30

0.003713 rad/sec; 0.2128 (deg/sec)
0.001745 1.0 (deg/sec)
N/A

143.72 km; (T7.6) nmiw*

rad  (deg)
0.5235 30
0.5235 30
1.41376 sec
0.06k4 sec
rad  (deg)
0.0001745 0.1
50 Hertz
B (gt)
0.0914% 0.3
rad  (deg)
0.0000436 0.0025
0.01% of R

0.0008725 rad; .05°

Both Receiver and Scintillation noise are modeled as a function of Renge (R).

#%Per Telecon with ITT 143.72 km;(77.6 nmi) can be achieved.

2-4
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Receiver Noise (at 143.72 xm; 77.6 (nmi)
Range (Std. Dev.) (Q7p) 0p = 23.8355
AZ, EL (Std. Dev.) (d’R) g% = 0.290855

Noise constant below 0.3048 m (1 ft) and beyond 143.72 km (77.6 nmi)
Scintillation Noise (at 0.3048 m; 1 (£t))
AZ, EL (Std. Dev.) (@) g - 6.171(R)"Y"

Noise constant below 0.3048 m; 1 (ft) and beyond 143.72 im (77.6 nmi)
2.2.6 Start Docking Guidence Accuracy (3-sigme)

Position Velocity
km $m2 m/sec ft/sec
Tangential 55.56 30.0 3.6576 12.0
Radial 59.26 32.0 4.2672 1k.0
Normal 59.26 32.0 4.2672 14.0
2.2.7 Payload Position Uncertainty (3-sigme)
Position, each axis 1.852 km (1 nmi)
2.2.8 Docking Mechanism rements (3-si
Docking Axis Miss Distance 0 to 0.3048 m (1.0 ft)
Miss Angle 2 005235 rad (2 3 deg)
Long. Velocity 0.0348 m/sec (.1 ft/sec) to
0.3048 m/sec (1.0 £t/dec)
Lateral Velocity 0 to 0.091kk m/sec (0.3 ft/sec)
Angular Velocity O to 0.001745 rad/sec (1.0 deg/sec)
2.2.9 Navigation -8
Position, Each Axis 5.858 km; (3.163 nmi)

*Must be divided by 217,945.9 m (715,045.6 ft) for input to LOCDOK.

2=5
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Section 3
———— LITERATURE SURVEY

3.1 INTRODUCTION

A literature survey vas made at the beginning of the contract. -IMSC's-Tech-
nical Information Center interrogated the DCC and NASA data bases, classified
as vell as unclassified. In addition, IMSC's Dialog data base was surveyed.

The following Descriptors singly and in combination were used:
Spacecraft

Mechanism
Sensors
Control Systems

- 3.2 SURVEY -
DOD UPPER JTAGE/SHUTTLE SYSTEM
Prelim. Regq. Study, Vol. III, Payload Retrieval
McDonnell-Douglas, Huntington Beach
AD-903 092L Unc. Vol. ITI

Vol. I Mgt. of Tech. Summary, AD=903 0906 Unc.
Report No. 19DC=-G3702 - Vol. 1
Contract FORT01-T2-C-030k ’;’REC“Ju\u faguy 5
- “ANA NUT FILMEp
SAMSO TR-T72-202-Vol, 1,3 )

3-1
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PAYLOAD HANDLING CAP OF THE STS
AD-900 346L
Office of the Assistant for Study Support, Kirtland AF Base
Report No. OAS-TR-72-3

FEAS, STUDY, VOL. IV, SYSTEM DESIGN
Rockwell International AD-889 S5ST4L
00S (Chemical)

Append. B - Avionics Study
Report No. SD=-T1-T30-4B

Contract FO4T01-71-C-01T71
SAMSO TR-T1-238 Vol. 4B

TIME-LINE INFO FOR MISSIONS INTO STATIORARY ORBITS
AD-876 5026 Aerospace
Report No. TDR-0059 (6770-01)-2
Contract FO4701-70-C-0059

TERMINAL REND. CONSIDERATIONS FOR THE STS
AD-875 19kL
Aerospace
Report No. TDR-0059 (6758-07)-6
Contract FO4T01-70-C-0059

RENDEZVOUS TRAJ. VOL. I
AD-T722 890
Report No. DDC-TAS-TO-85-1
AD-515 LkO
Rend. Traj. Vol. II No. DDC-TAS-T0-85-2

DOD IMPACT ON SHUTTLE SYSTEM DESIGN STUDY, VOL. IX - SUPPLEMENTARY STUDY TASK
AD-516-2TTL
Rockwell International
CONPIDENTIAL Report
No. SD-T1-1k2-9
Contract: NAS9-10960

SAMSO TR-T1-123 Vol. 9 32
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GUIDANCE, NAVIGATION, AND CONTROL FOR AUTO REND, DOCK AND SEPARATIUN OF S-11
DERIVATIVE VEHICLES

SD-T73-SA-0009 \
Rockwell International
Contract NAS7-200

REND. AND DOCK GUID ALG ANALYSIS & DER OF EQUATIONS OF MOTION FOR FLEX APPEN-
DIX CLUSTERS OF GRAVITY

Tag IBM No. 72-228-062

RESPONSE OF FLEXIBLE SPACE VEHICLES TO DOCKING IMPACT
Tech. Report MOR-TO-2, March 1970
Bodley, C. S., and A, C. Park
Final Report
Contract NAS8-21280, Martin Corp.

SPACE SHUTTLE VEHICLE AUTOMATIC DOCKING STUDY
" Report No. NASA-CR-115248, E-2606
Author: Blanchard, E. P. Hutchinson, R. C. Johnson, I. B.
Final Report e
A3925K3 Fld: 22A, 8kA SPARI003 - Mass. Inst. of Tech., Cambridge
Oct T1 8up

Contract: NAS9-10268, DSR Proj. 55-k0800 e i

AUTOMATIC RENDEZVOUS & DOCKING FINAL REPORT
Report No: NASA-CR-103037
Ayyar, S. A., Flom, T. E. - IT? Aerospace/Optical Div., Sen Fernando, Ca.
A19BUF1 FLD: 22A, 84A STAROIOT
May 70 208p
Contract: NAS8-23973

LATCHING MECHANISM PATENT APPLICATION
North American Rockwell Corp., Los Angeles, Calif.
Author: Cobin, J. C., Fhodes, L. L.
AO1T2H2 BLD: 13E, 22B, 922, 9uk STARO808
21 Nov 69 33p
Report No: NASA-CASE-MSC-154T4-1, US-SN-8T8731
Contract: NAS9-150 3-3
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AUTOMATIC RENDEZVOUS IN SPACE
Foreign Technology Div Wright-Patterson AFB Chio (141600)
Author: Legosteev, V. P., Raushenbakh, B. V.
6105E1 FLD: 22A, 22C (USGRDR6913)
5 Dec 68 31
Report No. FID-HT-23-1346-68
Edited trans. of mono. Congress of the International Astronsutical
Federation (19th) New Yor, 1968. Report n.p., 1968 pl-24
by D. Koolbeck.

SYMPOSIUM ON AUTOMATIC CONTROL IN SPACE (2nd) ( SELECTED MISSIONS)
Foreign Technology Div Wright-Patterson AFB Chio (141600)
5732B3 FLD: 22B USGRDR6908
14 Jun 68 65p
Report No. FTD-MT-24.127-68
Edited machine trans. of Symposium on Automatic Control in Space (2nd)
Vienna, 4-8 Sep 67 pl-43

DOCKING IN SPACE A COMPLEX PROBLEM
Joint Publications Research Service, Washington, D.C. (193 300)
Author: Noviko, Yu., Pedorov, B.
5635A3 FLD: 22A USGRDR6906
15 Jun 68 10p
Trans. of Aviatsiya i Kosmonavtika (USSR) n2 p53-56 1968.

A REW STAGE IN THE CONQUEST OF SPACE. BRILLIANT EXPERIMENT SEES AUTOMATIC
DOCKING OF TWO SPACECRAFT IN ORBIT

Foreign Technology Div Wright-Patterson AFB Chio (141600)

S412Bh FLD: 22B USGRDR6903

6 Dec 67 8p

Report No. FTD-HT-23-1606-6T

Edited trans. from Pravda, Moscow (USSR) p3, 1 Nov 67, by R. Zeccola
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RENDEZVOUS IN SPACE. HOW THE AUTOMATIC SATELLITES FOUND EACH OTHER IN ORBIT
Foreign Technology Div Wright-Patterson AFB Chio (141600)
Author: Marinin, Yurii
5373C1 FLD: 22A USGRDR6902
6 Dec 67 Tp
Report No. FID-HT-23-1605-67

Edited trans. from Pravda, Moscow (USSR) p2, 2 Nov 67, by R. Zeccola

WORLD'S FIRST AUTOMATIC DOCKING IN SPACE. WO SATELLITES IN COMMON ORBIT
_ Foreign Technology Div Wright-Patterson AFB Ohio (141600)
S371A1 BLD: 22A, 22B USGRDR6902
6 Dec 67 Sp
Report No. FID-HT-23-1604-67
Edited trans. from Pravda, Moscow (USSR) pl, 31 Oct 67, by R. Zeccola

AUTOMATIC DOCKING IN SPACE AND ITS RELATION TO THE THEORY AND PRACTICE OF
AUTOMATIC CONTROL

Techtran Corp, Glem Burnie, Md.

Author: Raushenbakh, V. K.

Avtomaticheskaya Stykovka W Kosmose I Yeye Svyaz's Teoriyey I
Pracktikoy Avtomaticheskogo Upravleniya

5215B3 FLD: 22A STAR0621

Sept 68 8p

Report Mo. NASA-TT-P-11939

Contract: NASW-1695

1968 Coll Sp Tran Transl. Into English of Paper A/Conf. 34/Iv. 10,
Presented at the United Nations Conf. on the Exploration and Peaceful
Uses of Outer Space, Vienna, 1h-27 Aug 1968 )

SPACE SHUTTLE GUIDANCE, NAVIGATION AND CONTROL DESIGN EQUATIONS VOLUME 3
ORBITAL OPERATIONS

National Aeronautics and Space Administration Manned Spacecraft Center,
Houston, Tex.

A995K3 FLD: 22A, 8bA STARIOLE

1 Dec 71 550p

Report No. NASA-TM-X-68368, MSC-0421T7-REV-B

Misc O revised
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FOREIGN TECHNOLOGY DIV WRIGHT-PATTERSON AFB OHIO (141600)
Author: Lebendev, A. A., Sckolov, V. B.
A340314 FLD: 22A, 22C, 84A, 84D USGRADR7203
30 Aug 71 503p
Report No. FIS~-MT-24-26-T1
Project: AF-4160
Task: 416010, DIA-T70-16-1
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(European Unmanned Interorbital Tug, Investigating Configurations
Structure, Hookup System, Docking and Propellant Supply)
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Section L
DOCKING CONTROL STRATEGIES

b1 INTRODUCTION

Docking Control strategies must be formulated for the seven autonomous
docking phases shown in Table 4-1. The strategies not only have to en- -

compass the events shown in the table, but also selection of a data filter.

To completely define all the strategies would require knowledge of the Tug's
Avionics Configuration, mission definition, and operational constraints.

One possible Avionics configuration is shown in Fig. 4-1. Note that this
configuration has the equipment needed for autonomous navigation.

For the following discussion, refer to Table 4-1. -

) Phase 1 - Rendezvous Injection Burn

The first phase for docking begins after the rendezvous injection burn, which
should place the Tug at the nominal aim-point. Calculation of the nominal
aim point is discussed in Section 5. The position of the aim-point must
consider the aspect of the sun, moon, or earth with respect to the field-of-
view of the docking sensor. If a docking sensor is selected that is in the
visual or infrared spectrum an additional constraint would be to have the
payload sun-illuminated.

It would be advantageous to have the Tug perform an autonomous navigation
update.at this time to reduce the uncertainty in its position and reduce the
sensor FOV requirements, see Section 5. If the Tug missions include multiple
payload servicing or deployment, then the navigation update would be required
if the Tug's autonomy level is I or II.

PRECEDING PAGE BLANK NOT FIMED
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4.3 Phase 2 -~ Reorientation

The Tug's attitude after the injection burn will normally require reorienta-
tion of the Tug to point the center of the sensor's search pattern at the

center of the uncertainty volume of the payload.

The primary decision for this phase would be the time allotted for the maneu-

ver. The longer the reorientation time the less APS propellant would be used.

L.L Phase 3 - Acquisition of the Payload

The primary strategy to formulate during this phase would be if the payload

was not acquired. Several alternatives are shown in Table 4.1,

If the payload is acquired but there is a possibility that the Tug might
impact the payload in a short time, or the Tug might move out of the acquisi-
tion range of the sensor, an immediate evaluation must be made. LOCDOK
performs a rapid data taking and evaluation after lock-on to either stop

the motion of the Tug or reverse its velocity if it is moving away from the

payload.

4.5 Phase 4 - Gross Transfer to the Docking Axis

Given the docking axis in the payload orbital coordinate system and knowing
the Tug's state vector relative to the payload from the sensor, the Tug can
now compute a gross transfer to the docking axis. It is interesting to note
that the Tug's state vector is now known very accurately as the payload posi-

tion is known to + 1.852 (1 rmi) three sigma.

The control strategy in LOCDOK for this phase checks to see that the Tug's
trajectory to the docking axis does not viclate the required miss distance
threshold (see Fig. 4-2). The trajectory then is calculated so as to termi-
nate the gross transfer beyond the minimum gross transfer distance specified.
The transfer distance is selected so that the Tug can null all positions and
velocity errors normel to the docking axis before it reaches the stand-off
range. The average velocity toward the docking axis is computed so that the
Tug will reach the axis in e maximum specified time.

L-2
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During the Tug's transfer to the axis the sensor is always pointed toward
the payload (1) to keep the payload within the FOV of the body mounted sensor

and (2) o

a Yo o o
224 =4y “ (=153

he docking aid on the payload after the

final gross transfer burn.
Mid-course corrections are periodically made to correct trajectory errors.

The final gross transfer burn is computed, allowing for the long thrusting
period, so that the docking axis is not crossed. The velocity along the
docking axis should be that specified by mission requirements.

The transfer to the docking axis is considered complete if the docking aid

is within the FOV of the docking sensor. If it is not the Tug would make an
additional fast transfer to the axis maneuver. In the event that the docking
aid is not acquired, (the attitude of the payload has drifted the docking aid
out of the FOV of the sensor). A means for acquiring the docking aid must be
implemented. One method of accomplishing this would be to have the Tug circum-
navigate the payload until the aid is acquired. At present LOCDOK does not
have this capability. However, a circumnavigation simulation has been devel-
oped by LMSC and could be integrated into LOCDOK at a later date. Capability
for this addition are provided in LOCDOK.

It should be understood that if the payload is rotating rapidly, during any
phase of docking, the docking attempt must be completely aborted.

4.6 Phase 5 - Transfer down the Docking Axis

The basic guidance strategy for Phase 5 is to null the position and velocity
errors normal to the docking axis while maintaining the velocity along the
axis. This portion of the guidance uses an exponential logic to minimize
propellant usage. The rapidity of convergence is controlled by the operator
who can select the exponent, Gl7 in the input dictionary.
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The final burn down the docking axis normally reduces the Tug's velocity

to that permitted by the docking mechanism and the potential abort maneuver.

Note that the retro burn has to be made far enough from the Tug so that
thruster impingement does not disturb the payload. From the retro burn
point on, all forward thrusting engines must be disabled because of impinge-

ment.

.7 Phase 6 - Evaluation at the Stand-off Point

At the stand-off point the Tug to payload position, velocity, and attitude
is evaluated. If the tolerances dictated by the docking mechanism are ex-
ceeded the Tug should abort the attempt. The stand-off point selection is

detailed in Section 7.

There should be some provision made to inspect the payload docking mechanism

to see that it is not obstructed or damaged.

4.8 Phase 7 - Coast to Latch-Up

During this phase all thrusters must be disabled except for an emergency
abort capability. It should be understood that an gbort at this time will
severely disturb the payload and may meke future docking attempt impossible.
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4.9 DATA FILTERING

4k.9.1 Introduction

As all sensor measurements are noisy, some method of data filtering must be
employed to determine the best estimate of the payload state vector with
respect to the Tug.

This section summarizes known results in linearized and linear estimation
theory. The classical least squares meximum likelihood version of the non-
linear estimation problem is outlined and the sequential version of the op-
timm filtering solution (as derived by Kalman). The Kalman equations have
the advantage that dynamic noise in the model is easily handled, but both
the least squares version and the Kalman equations can be used with any .
deterministic model.

A six-by-six sequential Kalman was selected for the Tug data filtering as
being the best compromise for on.board processing. The Tug has knowledge
of its accelerations from on-board instrumentation and it is assumed that
the payload would not maneuver,

This data filter has been incorporated in the LOCDOK simulation in subroutine
HEST. For additional details see Reference 12 and 13.

4.9.,2 Notation

In general, lower case letters in the equation notations (i.e., u, v, x, and

z) denote column vectors while upper case letters (i.e., A, B, F, G, H, and

E) denote matrices. The components of a matrix A and vector u are desig-

nated by subscripts as Ai 3 and u 3° The letter I represents the identity
k-5
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matrix. The superscript prime, as in A' or u', will denote the transpose of
the matrix or the transpose of & column vector (which becomes a row vector).
The product of a column vector and a row vector, such as xz' is & matrix.
The symbol E represents the expected value so that E(A) represents the ex-
pected value of the quantity A. The subscript -1 as in a-l means the in-
verse of the matrix A. In all cases it will be assumed that the inverse of
the matrix exists, although, quite often, the inverse can be replaced by a

pseudo-inverse or generalized inverse without changing the results.
4.9.3 Classical Least Squares

A set of equations used to model nonlinear estimation for a deterministic
system can be written as shown below where N is the number of measurements,

Zy is the £ X 1 vector representing the actual measurements, w, is the £ X 1

k
vector representing the uncorrelated noise on the measurements, x is the mXl

vector representing the state of the system, hk(x) is an{ X 1 vector repre-
senting perfect measurements, and Rk is the £ X f covariance matrix of the
noise

2, = B (x) + v (4-1)
cov W, = RK for k = 1,2,¢..,N

It will be assumed the noise has zero mean and it is uncorrelated from one
measurement to the next.

E [Vk] =0 (]‘.2)
cov[ijk]=0 J4k

The best estimate of the state £ can be written as shown below, where H‘k is
the £ X m matrix of partial derivatives and QO is the initial nominal value
of the state

a6
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R=xy+ L}_,nﬁ x - ()] } (4=3)

H = 9 b.k(x)/a x
cov(x - X) = M-l

The inverse of M is the covariance of the error in the estimate. If the
model 1is linear, the nonlinear function hk(xo) 1s replaced by its linear
equivalent Hk xo and the expressions involving x cancel out as shown below.

2aw ZH’EREI 2y

. (4=3)
M-T & R om

k=1

If there is prior information that the state x has a value ?to with covariance
Po, it can be included in the above analysis by extending the sum so it in-
cludes k = 0 and defining Zy = ?(o, Ho = identity, and Ro = Po.

k.9.4 Sequential Kalmen FMilter

For the discrete version of the linear estimation problem, the system to be
estimated can be described by the following set of matrix difference equa-
tions.

el ™ Prer B Y% (4=5)
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The linear measurements obtained from the system are given by another set
of matrix equations.

z =B x oW for k = 1,2,...,N . (4-6)

The matrices & (transition matrix) Tables 4-2 and U4-3 and H (output matrix)
Table L-l represent known quantities which can change from one measurement
t0 the next. The vector x represents the egstimated state of the system
while the vector z represents known measurements, The vectors u and w are
not known exactly, but are zero mean independent random variables with known
covariance. The variable u represents random changes in the state (aynamic
noise) while the variable w represents random changes in the measurements
(measurement noise). The subscript k represents the value of the quantities
at the time of the kth measurement. If the dynamic noise u is identically
zero for all time, the system is said to be "deterministic." The covariances

of the zero mean dynamic noise and measurement noise are shown below:

E(uyuy) = 6 1f J = k and zero otherwise (4=T)

k and zero otherwise

E(vjwl'() R, if
E(ujwl'{) =0

Most physical systems will involve nonlinear equations, but it is assumed the
above set of linear equations can be obtained by linearizing about some
nominal values for the state and the measurements. It may be that the physi-
cal system ie governed by a set of linear (or linearized) differential equa-
tions although the measurements will take place at discrete times. In that
case, the original system differential equations must be integrated to obtain
the required difference equation relating the change in state from one
measurement to the next. Conversely, under certain conditions, in the limit-
ing case as time between measurements goes to zero, the discrete system will
approach a continuous system.
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‘ TABLE 4-2
PARTIALS OF POSITION AND VELOCITY AT A LATER TIME WITH RESPECT TO

POSITION AND VELOCITY AT AN EARLIER TIME. & (TRANSITION MATRIX)

) (rad)t

F:) !rad,o

) (I'r)t
o (rad)o

a(c:'r)t

3 (rad), a(rad)t
BT, alCT),
a (IT), o (IT),
3 (IT), 2 (CT),
a {CT) 8(CT)t,
B3I, a(cT),

8 Vraa)t 8 (Vrad)

T T,
o Vpdy 2 (Vip)y
9 (IT) 9 !ET,O

0
o Veply 2 (Vop)y
Ejecn

Q

+3
j
o)
~3
(o]
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a(rad),  H(rad),  ,(rad),
) 3 BT
a (17), s (IT), 5 (IT),
0 0

a (cT), alem),  H{cm),
3 (v -)o 3 ZVIT)O ) !Vc,r)o
8 Vrmd)e 5 Vigalt 2 (Vpad)y

2l a Uy o (Vpy)e
dWaalo @ Uplo - 8 Weplp
o Vepdy 5 Ucply 2 UVerly
8 Viaalo 2Urlo 3 Voo
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1.0

0.0

0.0

0.0

0.0

0.0

-6 Sin Wt+6 Wt

1.0

0.0
-6W Cos Wt+6W
3W Sin Wt

0.0

TABLE 4-3
TRANSITION MATRIX

0.0 b Sin Wt-3t
W
0.0 2 Cos Wt-2
¥ W
1.0 0.0
0.0 1.0
0.0 -2 Sin Wt
0.0 0.0
4=10

-2 Cos Wt+2
w

}_ Sin Wt
W

0.0
2 Sin Wt
1.0

o.o
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TABLE U=l
MATRIX OF PARTIAL MEASUREMENTS WITH RESPECT TO THE ORBITAL FRAME

-8S/arad as/a1T as/ act 1
[H] = 9E1/ orad 9E1/9IT 9El/ aCT

9Az/ arad dAz/ 9IT dAz/ dCT

rad/s IT/s CT/s

2] - cos E1/S -(IT tan E1)/S°  -(Ct tan E1)/S°

0 -CT/(CT2+IT) IT/(CT+IT7)
vwhere

S = range

Rad = radial position difference

IT = 1In-track position difference
El = Elevation angle
Az = Azimuth angle
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The optimum estimate will be the linear estimate which minimizes the mean
square error. Calculating the estimate requires knowing the mean and co-
variance of all the random variables of interest, but no higher moments.
If all the random variables have a normal probability distribution, the
estimate will be the conditional mean of the state given the measurements.
Sometimes the estimate is also called the Maximum Likelihood estimate be-
cause it maximizes the conditional probability distribution.

Let QJ ' denote the optimum estimate of the state x 3 given all the measure-
ments up to Zpe If J is greater than or equal to k, it is called filtering
and prediction. If j is less than k, it is called smoothing. The error in
the optimum estimate is the difference between the actual value of the state
and the estimate. The covariance matrix of the error, Pk /3 is defined:

Pesy = B = %) O = Xy p3)" (k-8)

The sequential version of the optimum filtering solution, as derived by
Kalman, can be written as shown below where Bk is the gain on the Kalman
filter.

A N A
XMk = x/k-1 " By (2 - By "x/k-l)
' -1
By = Py i1 BBy Pepiey Bx * R (4=9)
A A
“+1/k = @ kel Xk /x
The covariance matrix P can also be calculated sequentially:

Pepc = (T-B B) Py y (4-10)

Poed/k = o1 P me1 % ’

The initial conditions for the filtering solution are based on the a priori
information, which is that the state variable X has a known mean, ':Eo, and
covariance Po.
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>

1)"‘o="1/o
(4=11)
E{x -:‘E‘{X -—-E":.; =P
\X) - Xg/NFy < %o/ 0~ *1/0

For computational reasons, it is necessary that the matrix l-’o be non-singular.
If the actual a priori information is not sufficient to make P0 non-singular,
usually it can be modified empirically, by trial and error, to make it ncr-
singular without having a substantial effect on later calculations.

An alternative sequential version of the optimum filtering solution makes
use of two relations:

k/k ﬁ/k 1t B Re B

(4=12)
-l A -1 n -1
Pefe %/ = Pifee1 /-1t B Re
These relations arise naturally when using the classical maximum likelihood

"derivation. The first relation can be proved by multiplying Pl.:}k by Pk /x tn
get the identity; the second, by showing that

B = P e fil (4-13)
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Section §
DOCKING SENSOR REQUIREMENTS

5.1 INTRODUCTION

The Docking Sensor is the key piece of hardware for Autonomous Docking. The
following requirements can be modified by trade-offs with other parameters
both internal and external to the sensor. The final requirements should
be a judicious compromise of all the requirements in order to optimize the
total system.

5.2 ACQUISITION RANGE

The sensor shall have a 0.99 probebility of acquiring a passive cooperative
payload at a minimum range of (77.6 nm) or 143.72 km.

This range is based on the 3-sigma guidance accuracy and payload uncertainty
as specified in Section 2. It assumes that the tug reorients prior to enter-
ing within the acquisition range of the sensor and the bvoresight of the
sensor is pointed at the center of the search volume.

The nominal aim point for the rendezvous burn is computed by:

2 1/2
Aim Point (2P), (nm)/RM - {?02 « gar? [ GAV, (sFr + m)] . ma}
- |6076

where:
PU = 3 Payload position uncertainty, (nm)km

GAPl 3 Guidance position accuracy, (rm)km

GAV 3  Guidance velocity accuracy of GAP,(ft/sec); 6076 km/sec

SFT Search Frame Time, sec

DTI = Data Taking Interval, sec

DA

1

Deacceleration Time, sec

5-1
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This Aim Point will insure that there cannot be an impact with the payload
no matter what the guidance dispersions are perpendicular to GM’1 or with
3-sigma dispersions in payload position, GAP or GAV, The relative orbital

motion has been neglected as its effect is second order.

The time needed to cancel the guidance velocity error to avert impact is:

Deecceleration Time (DA, SEC) = (GAV)Z M
2T (6076)

vhere:
M = mass of vehicle (slugs), kg
T = Thrust (lbf), n

The ecquisition range (ACQ) then is:

1/2
ACQ (rm),km = AP? + (GAP2)2 + (GAP3)2 4

Thus for 100 sensor measurements, & search frame time of 1.4l sec., a vehicle
mass of 14810.5 kg (101L4.84 slugs) and a retro thrust of 44.8 n (100 1b)
along an axis which has the maximum GAP, the acquisition range is 143.72 km
(77.6 nm).

5.3 FIELD OF VIEW

Fig. 5-1 is a graph of the sensor's field of view requirement, with and with-
out a guidance update after the rendezvous burn. The closest range after
rendezvous is 250.2 m (821 f£t.) or .25 km (.135 nm). This distance and the
payload uncertainty in the relative position of the tug are the drivers for
FOV requirements. If it is desired to guarantee that the payload is within
the FOV then the FOV required is +1.57 x +1.57 rad (+90° x +90°). With no
guidance update the FOV requirements decrease slowly as the initial range
increases. The FOV requirements with a guidance update decreases much more
rapidly. A 99% probability that the payload will be within the FOV requires
+.96 x +.96 rad (+55° x + 55°) (assuming zero dispersions perpendicular to
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the payload - Aim Point axis).

With horizon sensors or star trackers to provide the initial altitude refer-
ence and a requirement of 0.1% torquing accuracy for the maneuver, altitude
errors will not appreciably increase the FOV requirements.

5.4 SEARCH FRAME TIME (SFT) T

The primary requirement for SFT is to achieve lock-on before the payload can

drift out of the field of view, If we RSS the guidance velocity error per-

pendicular to the line of sight again neglecting orbital dynamics: .
Vel = 6.04 m/gec (19.8 ft/sec)

Requiring the addition to the FOV at closest range be no more than 10% due
to SFT so as to be negligible when RSS with the sensor then:

SFT = initial range x tan (.1 FOV)
' rel

Thus for +0.96 x +0.96 rad (+55° x 55°) FOV:

SFT = (821) x £.19h38) = 8,06 sec
9

5.5 RANGE, ELEVATION AND AZIMUTH ACCURACY

Preliminary simulations show that the following 3-sigma accuracies would
allow successful latch-up.

Range: .1% of range
Angle: 0.0008725 rad (.05°)
5-3
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5.6 BIAS AND RESOLUTION

Bias is the most difficult sensor error to accommodate. Many sensor biases
can be measured optically and by other methods. The known systematic error
should be compensated for. Preliminary simulations allow the following
resclution and 3-sigma biases:

Resolution: Range .09 m, (0.3 ft)
Angle .0436 m rad (0.0025 deg.)
Bias: Range .0046 m (0.015 ft)

Angle .0034 rad (0.0002 deg.)
5.7 ACQUISITION AND TRACKING RATES

The following minimum rates are suggested:

Acquisition: 0.0279 rad/sec (1.6°/sec)
Tracking: 0.0506 rad/sec (2.9°/sec.)
Fig. 5-2 is the encounter relatiomships.
£.8 10SS OF LOCK-ON

If for any reason the sensor loses lock-on for three consecutive measure-
ments, the sensor should start an expanding squares or spiral search about
the last known position. If the payload is not reacquired within one second
after the loss of the payload then a loss of payload signal should be pro-
vided to abort the docking during a critical phase and the sensor should
then initiate the full FOV raster scan.

5.9 DISCRIMIRATION

The sensor should be able to discriminate against objects other than the pay-
load in the FOV. These would be primarily the star background. Space debris
could be eliminated to some extent by range gating and relative velocity

5=k
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discrimination. There should be an indicator if there is more than one ob-
Ject in the FOV after discrimination.

)
The sensor should be able to operate if the sun, moon, or earth limts are
more than 0.08725 rad (5°) from the FOV. There cannot be any damage to
the sensor if the sun, moon, or earth appear in the FOV and the serszor
should recover normal operation within 10 sec.

5.10 DATA FREQUENCY RATE
The data frequency rate is usually driven by other sensor reguirements sunh
as the pulse repetition frequency, data processing method, acquisiticn arl

tracking rate requirements, etc. Preliminary simulation shows that a mini-

mur of 16 range, azimuth, and 2levation measurements per secord is adeguatc,

5=5
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Section 6
DOCKING MECHANISM DESICN

6.1 INTRODUCTION

To assess the influence of the docking mechanism design on the type and
accuracy of the data required, the description and mode of operation of
existing and projected docking mechanisms were retrieved from the litera-
ture survey generated earlier. Of the list of docking systems described

in Ref. 17, only the Gemini (Fig. 6-1), the Apollo (Fig. 6-2) and the
Menasco (Fig. 6-3) systems were retained for further evaluation. To these
were added the androgynous international docking system (Fig. 6-4) develecped
for the Apocllo-Soyuz docking experiment and the "Square Frame" concept

(Fig. 6-5) projected for the Space Tug. Description of these more recent
conzepts can be found in Ref, 20,

The requirements for an automatic docking system are formulated ir Ref, 20
also. They can be expressed as follows:

The docking system shall be:

1. Comprised of mechanically mated, automatically operated parts which
self.align and self-actuate on contact to provide a load carrying

mechanical connection between chaser and target vehicles.
2. Simple.
3. Reliable.
4, Low in weight.

S. Capable of independent release on command using power furnished by

the chaser vehicle.

X NOT FILMED
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Fig. 6-4 International Docking System
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6. Restored to a ready condition, on both the target and the chaser
vehicles, prior to undocking or separation.

7. Fitted with components so as to give a clear field of view to
optical, radar, or laser sensors on the chaser vehicle and re-
flectors on the target vehicle during rendezvous and initial
capture. .

8. Equipped, of possible, with three latching points for the docking
system design. (More than three is unnecessarily redundant - less
than three is not structurally stable or efficient.)

9. Equipped with latch and contact points located near the vehicle
mold line to minimize loads due to bending.

10. Equipped with automatic latching devices designed to carry loads
during boost from earth to earth orbit, as well as loads during
inter-orbit transfer operations.

1l. Designed with structure to absorb impact loads without shock
absorbers or load attenuators, if possible.

It is believed that the following requirements should be added:

12, Design system to perform roll indexing and establish a hard line
electrical connection.

Such a capability will enable the chaser vehicle to activate devices aboard
a disabled target vehicle. It is envisioned that protruding components such
as antennas and solar panesl will have to be retracted or Jjettisoned before
any retrieval mission can be accomplished. A service mission would also
require a precise roll alignment of the spacecraft.,

In order to make a first attempt at the evaluation of the five docking con-

cepts mentioned, values ranging from O to 3 were attributed to each of the
requirements.
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Not enough information was gathered to evaluate the docking systems on re-
quirements 4 and 1l. It is believed that requirement 11 will make positive
capture at first attempt harder to achieve and will bring a weight penalty
to any concept designed without impact attenuators.

Table 6-1 shows the results of the preliminary evaluation of the five dock-
ing systems selected.

Table 6-1

Requirements Gemini Apollo Menasco International Square Frame

1 3 3 3 3 3
2 3 3 1 2 3
3 3 2 1 2 1
5 0 3 3 3 3
6 3 3 3 3 -3
7 3 1 3 3 3
8 3 3 3 3 2
9 2 1 3 3 3
10 3 3 3 3 2
12 3 0 0 2 2
TOTAL 26 22 23 27 25

Rating based on evaluation of docking 3 = yes

system capability to meet requirements 2 = probably

listed. 1 = doubtful
0 = no

6.2 FIVE DOCKING CONCEPTS STUDIED

The following comments on each docking system may help in a further appraisal
of the five concepts.
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(1) Gemini Conceptt In relation to the other systems, this concept is
losing points on requirements 5 and 9.

The Gemini Agena Target Vehicle was supplying all the power required for the
actuation of the docking mechanism. The docking approach maneuvers were
performed by the chaser vehicle but all the docking active latching and
mooring operations were performed by the target vehicle. If this concept

1s considered for automatic docking, the active mechanism, (in this case,
the internal docking cone) should be installed on the chase vehicle and the
passive external cone be part of the target vehicle. This new configuration
would have the other advantage to provide more space inside the internal
docking cone to install the optical, radar and laser sensors required for
the automatic rendezvous and docking operations.

If such a modification of the Gemini docking concept proves feasible, then

the rating to requirement 5, in Table 6-1 should be changed to 3, and the
total becomes 29 instead of 26.

As far as requirement 9 is concerned, the docking latch receptacles are in-
stalled in the external docking cone which has a diameter of approximately

81.28 em (32 in.). If the target vehicles are in a diameter range of 1.52
to 2.13 m (S to 7 £t) and the center of gravity is located within the permis-
sible space to prevent jackknifing of the spacecraft on impact, the existing
Gemini hardware could probably be used. For vehicles having larger diameters
and where their center of gravity are outside the permissible limits, it is
conceivable that a larger diameter Gemini docking system could be designed
to meet the conditions of requirement 9.

(2) Apollo Concept: The reason this concept was slightly derated on require-
‘ment 3, was that thrust has to be applied to the chaser vehicle follovw-
ing impact to achieve a successful capture. (Ref. 19)

The fact that the probe head and drogue capture receptacle are on the center
line of the respéctive spacecraft, installation of the rendezvous and docking
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sensors is made more difficult and their field of view is restricted by the
extended probe mechaniesm of this concept. These are the reasons for a low

rating on requirement 7.

A low rating on requirement 9, is due to the fact that the first impact load
is reacted by the probve head which is on the center line of the chaser ve-
hicle, and thus has a tendency to cause the vehicles to jackknife. This
docking mechanism must resist a greater bending moment to align the vehicles
after impact and capture.

No means to correct an anguler misaligmment in the roll axis during the
docking or mooring operations resulted in a low rating for requirement 12.

(3) Menasco Concept: This concept, with its latch hooks running up and
down the radial movable arms, is not simple. Although tests have been

conducted successfully on a full-scale prototype mechanism (Ref. 17),
it seems complicated and not as reliable as the other selected systems.
It does not show any provision to align the two vehicles in the roll
axis.

The above remarks are the reasons for low ratings on conditions 2, 3, and 12.

(4) 1International Concept: It is believed that this system has not been
flight tested yet and this is the reason it was slightly derated under
the requirements 2 and 3. Although it provides an angular alignment
in the roll axis, it does not seem to be as accurate as in the Gemini
system.

(5) Square Frame Concept: Although not much information has been found in
the literature about this concept, an attempt was made at rating it
against the other four better known systems. Due to the fact that no
known models of this concept have been built or tested, a low rating
on reliability was given.
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Inherently this system has to have a minimum of four latches due to its de-

sign.

For this reason;, a slightly lower reting was given for

reguirement 8.

A triangular frame may have some structural advantages over a square oue,

but it may not accommodate as large an angular misaligmment in the roll

axise.

design.

It is not in the scope of this study to investigate such a change in
Iack of information about the structural integrity of the latching
components was the reason for a lower rating on requirement 10.

A lower rating on requirement 12 has been given because it is believed that

this concept does not provide a roll indexing as accurate as in the Gemini

system.

Our evaluation study would not be complete without a comparison of the capa-
bilities of each docking system. To date only the specifications of the

Gemini, Apollo and the projected Space Tug could be found.
Frame'" concept is believed to be designed to the Space Tug docking spenifi-

The "Square

cations. (Ref. 22). A comparison of these specifications is shown in
Table 6-2.
Table 6-2
DOCKING-ACCURACY STRUCTURAL-SPESTFICATIONS
Bageline
_Gemini Apollo Space Tug
. Units Ref. 18 Ref. T Ref. 02
Centerline Miss €23) (0 to 1.C) (0 to 1.0) 0 to 1.0)
Distance m 0 to . 30k8 0 to_.30s8 0 tc .30u48
Miss Angle (deg) (0 to 10.0) (0 to 10.0) (0 to 5.0)
rad 0 to . 1745 0 to 1745 0 tc 08725
Longitudinal (rft/sec) (1.5 max) {0.1 to 1.0) (0.1 tec 1.0)
Velocity m/sec _ _
Lateral Velocity (ft/sec) {0 to 0.5) {(C to 0.5) {0 tc 0.30)
m/sec
Angular Velocity in (deg/sec)
Pitch, rad/sec (0 to 0.75)
0 to .01309
Yaw, (0 to 0.75)
0 to .01309
Roll, (0 to 10.0)
O to .1745
Combined 0 to .1745 (0 to 1.0) (0 to 0.50)
0 to 0175 0 to .008725
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6.2 INFLUENCE OF DOCKING MECHANISM DESIGN

Analysis of the specifications in Table 6-2 shows that any of the concepts
would be satisfactory for the Space Tug, although Table 6-1 rates the Inter-

national system the best.

The specification that influences the Space Tug the greatest is the center
line miss distance. Figure 6-6 shows the total impulse required, for an
abort, with a 15.24 cm (6 in) and 30.48 cm (12 in) specification for the
centerline miss distance. The total impulse required drops from 9786 N-sec

(2200 LBf—sec) for 15.24% cm to 4092 N-sec (920 LBf-sec) for 30.48 cm allowance.

It can be concluded that to minimize the influence on the Tug the centerline
miss distance should be made as large as practicable consistant with the dock-

ing mechanism optimization.
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7.1  INTRODUCTION -

This study has shown that a severe constraint on the abort process is imposed
by thruster impingement on the payload. Docking mechanism requirements and
control of the position and velocity errors normal to the docking axis are the

other major drivers.
7.2  AUXILIARY PROPULSION SYSTEM (APS) IMPINGEMENT EFFECTS ON DOCKING

An impingement study of the APS thrusters was made applicable to any payload
shape. Figs. 7-1 through 7-8 are for one forward firing thruster. The effect
of two thrusters firing, which will be the usual case, can be easily derived
ag the impingement is symmetriceal.

Fig. 7-9 through 7-16 are for thruster firing normal to the Tug X-axis. The
impingement forces and torques are a function of the distance the payload is

. _from Tug stations 457 and the payload are exposed to the plumes.

.. The forces and torques for any payload shape may be estimated by, using-the
overlay included with this report over a suitable scaled payload outboard

“ﬁfgfiié. The average segment surface pressure may be graphically integrated
to find the force on the payload. The center of pressure is at centroid of
the segment yielding the torque. .Note that the préssures are symmetrical ---
about the vertical axis and that the force and torque from the complementary
thruster must be included.

It is obvious from Fig. 7-8 that even 1524 cm (600 in) from the payload the
X-force for two thrusters tending to push a 1270 cm (500 in) radius payload

7-1
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away from the Tug is 171.3 newton (38.5 1lbs) which is highly undesirable.
Fig. 7-17 shows the total force and Torque on the payload as a function of
the x-displacement for a 1270 em (500 in) radius and a 508 cm (200 in) radius
payload. Note that the x-force peaks when the tug is 215.9 em (85 in) from
the payload while the torque peasks at 609.6 cm (240 in). While the 508 cm
radius payload is subjected to much less force, the force is still 6% of the
1270 cm payload at zero displacement. The & torque would cancel if the pay-
load were perfectly symmetrical, the thrusts equal, and the Tug position

exactly on the axis of the payload, an unlikely situation.

For the same conditions as above, but firing thrusters normal to the X-axis
the X-force is only 0.417 netwons (0.094 lbs) a factor of 410 times less than

for forward firing thrusters while the torque is 203 times less.

Figs. 7-18 and 7-19 show the torques and forces for a 1270 cm and 508 cm
radius payloads. Note from Fig. 7-19 that there are no effects of impinge-
ment beyond 762 em (300 in).

This suggests that the abort maneuver should be made by firing the thrusters
normal to Tug X-axis.

The APS impingement effects on the Tug itself were not studies, however it can
be concluded that the fore-aft thruster should be canted upward to reduce the
impingement torques on the Tug itself and reduce the high stagnation tempera-

tures on the vehicle.

T.2  ABORT

7.2.1 Introduction

. Abort strategy and implementation are very important. An abort, which can

occur for many reasons, has a severe impact on the mission because of time

and total impulse requirements. The fundamental tenets for sbort would be:
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and payload safety must not be compromised.

~~
'—‘
S’

(2) The payload attitude must not be destsbilized.
(3) The additional total impulse required must be minimized.

(4) The time required to redock must also be minimized.

The following analysis assumes:

(1) -Z axis thrusters for the sbort burn, that is, the tug clears the
underside of the payload.

(2) The payload docking mechanism is in the center of the payload and

requires 508 cm clearance below the docking axis.
(3) The payload cannot control more than 13.6 em-n (1.2 in-lbg) torgue.

(4) The Tug's position and velocity errors normal to the docking axis
are independent and normal, assuming 10.8 cm and .0O4k m/sec

(3-sigma).
(5) The Tug is as defined in Section 2.

(6) The coordinates for the abort problems are shown in Fig. 7-20.

(7) The docking axis miss distance .152 m (.5 ft) and docking velocity
= ,152 m/sec (.5 ft/sec).

(8) Minimum allowable range to payload 1.829 m (6 ft).

In general, the smaller the time allotted for a maneuver or phase the greater
the total impulse consumed will be.

7.2.2 Selection of the Stand Off Point (SOP) and Docking Velocity (VDOCK)

The first step is to determine the minimum abort range required. Given the
' docking mechanism normal (to the docking axis) error and the normal velocity
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(3-sigma) allocated at the SOP, Fig. 7-21 can be used to determine the minimum
abort range. As an example, using the parameters in Section 2 and Para. 7.2.1,
the minimum sbort range is 4.176 m (13.7 ft).

The minimum abort distance should be selected to minimize the docking velocity
while not violating other constraints. Here the docking velocity_.152 m/sec
or (.5 ft/sec) has been selected.

The next step is to determine the abort burn time from Fig. 7-22. The illus-
tration uses 508 em as the required clearance below the docking mechanism axis.
Thus, the abort burn time and total impulse can be extrapolated as 10.8 sec or
480L N-sec (1080 lbp-sec).

The minimum range can be checked with Fig. 7-23. In this case, the 1.829 m
(6 £t) is safe by .21 m (.7 ft).

The last check, payload torque, is made using Fig. 7-24. The graph is entered
using the gbort burn time. At the point this time intersects the docking
velocity-minimum abort range curve a line is drawn horizontally to intersect
the Y torque curve and the magnitude of the Y-torgue is read from the abscissea.
For the example it is 11.98 cm-n (1.06 in-1br); less than the specification of
13.56 cm-n.

For this case the SOP chosen would be 4.176m and the docking velocity .152m/sec.

T7.2.3 Abort Impulse Calculation

The total impulse required for ebort that is implemented in LOCDOK is:

Ty = 2Dy, + Inp + MASS (2 (Vay * VYop) * vRetro) (7.1)
_ 2 Ra 2 Ra \2 8 (Ye + 7.33)
Iy = 20 [ ¥DOCK \V/(VDOCK ) = a ] (7.2)
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vRetro

Ra

Ye

Ysafety

dock

2 min

Ry
TOD

TA

[}

(R2 min_+ 23-3 * Pw) (7.3)

v
“safety : (7.4)

Total impulse required for abort and redocking
Standoff point distance

Clearance required below décking mechanism axis
Clearance below Ye¢ required for antenna, etec.
Acceleration of Tug thrust/vehicle mass
Docking velocity

Distance from payload on the docking axis to start final
docking approach

time allocated to return to R from below payload after
abort 2 min

Payload width
Velocity along the Y-axis
Total impulse required to reach the SOP from R2 min

Initial sbort burn total impulse
T7=5
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V. = Velocity along the docking axis required to reach R
Retro
after abort

2 min
Equation 7.1 accounts for all the total impulse needed to abort, return to a
point on the docking axis for another final approach, and return to the SOP.

It does not include the total impulse needed by the attitude control system.

To recognize the factors that contribute the greatest amount to the abort
impulse required, the following typical values in addition to those specified

previously are assumed:

VoD = .152 m/sec (.5 ft/sec)

Toop = 66723.3 N-sec (15,000 lbp-sec) from LOCDOK simulation
P, = 10.16 m (33.3L4 ft)

By pin = 304.8 (1000 ft)

Yoafety - 22,63 m (Th.25 ft)

to = 3600 sec

MASS = 14593.9 kg (1000 slugs)

From Equation 7.1

I, = 2160 + 15000 + 1000 (2 (.0253 + .5) + .2935)
I, = 2160 + 15000 + 1399.5
I, = (18559.5 1lbg-sec) 82556.7 N-sec

7-6
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It immediately becomes obvious that the most impulse is used by the redocking
run down the docking axis. The sbort impulse is next, with the impulse re-
quired to regain R2 min the least. Note, however, from Equation 7.3 that this

impulse is inversely proportional to the time allotted in arriving at R2 min

and potentially it could become very large if the time allotted is short.

7.2.4 Abort Time Calculation

The time required tA to redock the tug is:

tA = tc + tCB + tI + tVOD + tOD (7.5)
tg = Ra/VDOCK (7.6)
Vpock? ¥ VRetro?
P, + 23.3 5
a
teg = 7 (7.7)
DOCK
tyop = Voo/® (7.8)
tgp = Ry i, /VOD , (7.9)
where:
VOD = Velocity down the docking axis from R2 min to Ra

From Equation 7.5:

27.b + 116.6 + 3600 + 5 + 2000

[
1]

5749 sec, 1.6 hrs

ct
1]
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More than half the time reguired for redocking is used in re-establishing the

Tug's position for a run down the docking axis.

While this time can be shortened, it would increase the total impulse needed
for the abort.

The second largest increment is used for the run down the docking axis. The

velocity VOD selected was .152 m/sec (.5 ft/sec) to save the total impulse
required to accelerate to VOD and deaccelerate to VDOCK.

7-8
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PAYLOAD CLEARANCE BELOW DOCKING AXIS
VS ABORT RANGE, DOCKING VELOCITY, AND ABORT BURN TIME
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FIG., 7=22 PAYLOAD CLEARANCE BEFORE DOCKING AXIS VS ABORT RANGE,
DOCKING VELOCITY AND ABORT BURN TIME
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X~DISTANCE AT CLOSEST APPROACH VS. ABORT RANGE
(360) DOCKING VELOCITY AND ABORT BURN TIME VS Y-TORQUE
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Section 8
LOCDOK SIMULATION AND USER'S MANUAL

8.1 INTRODUCTION

LOCDOK is a digital simulation of a space vehicle docking with a payload.

This simulation was abstracted and modified from a much larger simulation,
AVION. In constructing the program certain features, not required by the
study were not included but the interfaces to permit incorporation in the
future were retained. Some of these features are rendezvous, circumnavigation

of the payload, and maintenance of fixed position.

8.2 LOCDOK SIMULATION

The LOCDOK simuletion is written in Fortran IV for the Univac 1108 com-
puter. It requires 62,782 decimal words of core storage and is not
segmented. The program is modularized, containing 81 subroutines. The
simulation may be run in English or in the International System of Units.

The program input data is preset to that only variables that require change
for a particular run need be inputed. The input is designed so that
multiple cases may be run without resubmission on the job.

The program has a versatile SCLO20 plot capability which has the following
features: All plotting data can be stored on computer magnetic tape to
allow replotting at a later date without re-running the entire simulation.
In addition, there is the capability to perform mathematical manipulation
of the variables. These variables may be added, subtracted, divided, or
multiplied; and of course one of the variables may be a constant. The
program automatically scales all variables so as to £ill the entire plot.
If there are several dependent variasbles, the program automatically scales
them so that adequate resolution is obtained, and then annotates each

varisble with its title and the scale factor, see Figs. 8-1 to 8-L4.
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Fig. 8-5 through 8-21 are sample pages of the output. All variables are
labeled in English together with the important Fortran names. Definitions
of the output variables are self-evident as can be seen from the output.
Figures 8-5 and 8-6 are sample page outputs in metric units for perfect
attitude control. Figures 8-7 and 8-6 are similar except in English units.
Figures 8-9 and 8-10 illustrate the difference in output from the runs with

detailed attitude control.
Additional LOCDOK details may be found in the User's Manual, IMSC/DL2L229,

which is submitted as a separate volume with this report.

8.2 USER'S MANUAL

The User's Manual, IMSC/DL2L229, is published seperate from this volume
for ease of use. Once an operator becomes familiar with LOCDOK, all
information necessary to run the program can be found in the User's
Manual, although occasional reference to the Final Report may be required

at first.

All the input variables required to run the program are in the Input
Dictionary Section of the User's Manual. Preset data values, Fortran
names of the input varisbles, definition of the variables, together with

limitations and notes, are also in the Dictionary.

LOCKHEED MISSILES & SPACE COMPANY




bamr ™ SPACE TUG DOCKING STUDY urigesceotd

R
e B I e et T e
200000 TOTAL IMPULSE, TANK 2
1400000
¥
oot
é 1200000 ‘fﬂ
3‘ I T
- > T 1 .
TOTAL IMPULSE, ATT,
g CONT. SUBs, X100
g‘ 800000
= -4
o
JR AN e D S O R
400000 1 ¢
4 - T
il - T
) JRIES LIS G S
i R _.j._.
. ot I L.
9| TOTAL IMPULSE, TANK -~
10 J20-1 g T 40 - 50
0 2 e 0 o A O
TIME, SEC -

FIG. 8-1 COMPUTER PLOT - ATTITUDE CONTROL TOTAL IMPULSE

e SPACE TUG DOCKING STUDY U1108/5C4020
. 00000003  _
y :
B < -
|~. IR Gt Gy SO " B H ~
1! y. R —i -‘ -
: L
Y .
— ( < -
/ L VEHICLE YAW RATE, DEG/SEC
w |1/ VEHICLE PITCH RATE, DEG/SEC |
S | N,
e N ~Ye
T P
s I
g , L e S5 i
0 10 2 © Lo 40 5000
M ot t T
i VEMICLE ROLL RATE DEG/SEC X 2.
L 4ok
I
% o S -
" [
L) + —_—
b | L4
-1
TIME, SEC

FIG. 8-2 COMPUTER PLOT - REORIENTATION OF TUG TO ACQUIRE PAYLOAD

8-3

LOCKHEED MISSILES & SPACE COMPANY



oo v > SPACT TUG 0OCKING STUDY bl

AL X 3

FIG. 8-3 COMPUTER PLOT - TUG ATTITUDE

1.~ SMCE TUG DOCKING STUDY KET UNITS, FAR OUT, PO /€ i+
L'
o
n.mie*®
2
famd
s.one*
v
f
T h H'
0 aene™ DA
A 1
m
[y N
' L
s rttr 1
'Y (L]
H . "W 3 } 308
H J ) ;
1 | N 1
? : -
-.mie*%| ] | N
! .
Il
\ ]
PR T
.o

ML & 3

FIG. 8-4 COMPUTER PLOT - APS TOTAL IMPULSE AND ENGIRE NO.

8-4

LOCKHEED MISSILES & SPACE COMPANY




STTEVINVA LNdNI = ‘TOUINOD FANLILIV JOEIMEJ ‘SLINA IS = INALNO WALNIWOD S-g °*DLI

{3510453y SNOINVARVLSHE) GINNESY ST 1041NOD 3GNLILLv 1D33udd

00000000°  EA YildQ ~i 4o¥¥3 Ln3D¥3d  20+05902114° & LI0 350wl WOWINIW SdS
£0+000000¢2°* £0+00000hhh*

£04002209hhh LU+0022ahhY° ¢ Lu+00000062"

LSNUHL 9N Wedl¥T  Lspulil ONI IVIXY  Lsnadl ONI N
SudLINVEVY 2n0iSINdONd

10%00925L1h° 90*0002602:"° 0000U000* 11400000003 °
L T7] A4
39nYd 330GLVES U337 Yodinod FNIONT 507

Su3LBAVEVe IDNVAING

NNY S$IHL H1 G3Sh 39 11 S1INA D1aidw

S0*000Q0041° 2 3HIL °Xvd S434S0Chs 31942 ANINd 0U*uGoUOUY)* B 3715 ¢31S NOTLVYDILND

ST0EANVD wWVdYOdd

AGNLS 9HINI0Q 9L IOvdS

sus YLVU HIANINVH OHINIOQ sus

8-5

LOCKHEED MISSILES & SPACE COMPANY



- THE
DUCIBILITY oF
AL PAGE IS POOR

REPRO
ORIGIN

(T,H0D) S-g *HLI

00*0000h2ST® & ((1)13A101) ggnsy 19 g3iali¥ad ALiD0TIA  00%0000n2S1° = (WD0QAT 0a3eS 1JvdWI IVAT4 GIEISIT
{3oNVY L0V 0STV) {0+009LSLIn* = (38nSE) ALld013A DH1MI00 ¥nis 04 U3INCdu SI 34VE 39nVH HIIHK LV 3ONVY
100000Un251° 2 235714 (Qoa) ¥IAN3NYW OHINDOO 40 LuVaS LV 43e1S3a 3LV 3OHVE 40 3nIVA 3inlosev

L0+0U008h0ET = SIXV 9HINI0G OL 433Sives 55099 DHINUNTTd HI SIXV HNINI0U NO U3RGTIV JONVE WOHINIH
u00U0000* 3 g 2unn 00000000° 2 2 gdah 10700u00001°= = | ZuNN
(S3NTSVY TUilIFId) SIXV HNINI0T QYU IAVd 30 NOIIVINITEU

SudsIn7dVd IN1AD0D

eut02siLent’ 3 (1) 39Nvd NOILISINUIV dOSNIS

. ig=ugdoo wg) * N v*000096U9* 3 G10HSFYhs 3INVLSIQ SSiw
Qo0000pu* SA Y1130 il 4043 ANTDd3d 2u+00000001 SSIXV X500 04 w3IASNVMNL dod dnll WNHIN
20+u000000t*  3379uV=4TVH *A°0°3 MOSNIS SU+00000Ge 1® 251XV HO0U 04 ¥IASNVYL 03 Inld WNWEXVH

001  SINVL VaVJ 15vd SANJOd Vivu du *ON
10#40000001°*  3Sw0IivindwW0) Hang 404 A3M0TTV FWIL CU¥D0G0000E®  Z3AVL Viva 15v4 VSINIOd vavg NIIALIE JATL
LS0o+heu0I8hI® 3 SSVW VL4 9N tuth2Beuith® 3 SSvi 13nd 9nd *XNY Y1

e >

- 3 1404 943 NIVW 904 nuthe9t 1hel® 2 SSVW Ald 9k
S3ANTYA ANdn] §34L0
000000Y0° 00990UuY* 00u000J0* 0u000000* 00000006° £0000000°
sylg 13 Svig v I CEINERE] SVIu 3.Vd I¥ Svla 34ve JONVE 3VIg IONVY
hy= ECELIEh" hQ=jLCEEGER. 0uu000u0* 0ygouuoo* 00000000° 10~0000hh |6
qQYy yvy J35/Qvd 235/Qvd
13 v 2ivd 13 AaVa I0 31Va 3IDNVY JYNVY

sindal SYIG Uiiv NOTINTOSAY ausSnIs

QU=00BLgUES" §0=00959042° 9U=00gLBOL ) * L0~UUSSYLbE"
(a5918) SNOILVIA3Iu JUVANVLS

queoasiLenl® 90%02sl2kni" 90*02allehl" Jurueslithe®
(nY) 39Nve ¥3ddN

00%00008A0E" 00%00009h0L " Gu¥ooulghtt”® J0¥CUU0ERTL ”
() 39nvy ¥3N0T

J1y+0QQocnot = 10+Qu0d000L* 10*00Y00004 = 10*0U000U0) ¢
Td) ANINOIXT

10+0009uLY} " 1u*00000UY I ¢ 1u*0500000¢* fu*to0u0duY; *
(4vaSn) u311d1iNNW

to*0noninit” LTINS tutondsinie’ €0v0ndGInle
(4S93wU) HaQIMANVE

tSu1) NOIAVAIIS ($07) HANIIZY
AINNTANGD SANYLISLOd 3SIOH

00000600 0000QUR0*" PRIV PULOUL00. UouL0o0ec. 000U0ul0" 000000U0* 10¢+h090492L"

NOTIVINIG GUVONVIS
90+02% 1 LhI" 9ueugsisente 9U+02612ENI" 9040281 2En) 9uel2ylithle 90edcqlLihl® 9040241Lk01° 90402414t hie

LIWIT IONYY HaddN
00+0000gh0& " U0+J000gh0LE" 0U+00V0gHUL® G0+0090gnUE" Gu+doulahoe . 00+0000gH0L* 00+00009h0t"* G0+00003hUE"®

LEWET 39NVH UINOT

10400000001%s  1U+000000Q)* 1Y$00UY0UQI®=  104900009y}° JguU00000° 10400000uu) * 0000000U" 10400000004 °

10400000004 ° 10900000001} * 1u+000L0LUI* 1U+000C0UY) * 10450000001+ 1040000000} ° 1040000000 * .ooocoo“uo..

£0+00sslnle Eued0pSINIE” LU+GlouInIE" LU+00p% I HIE" £0+00p5101E" £0+0045IniE" 040068 1h1E" pcoocmmﬂudmwaaz
divn S01 13 al¥a 507 2y dhvy 3DNVY 39nvd HiaTHaNYE

SLNVLISNOD 3ASiuil quSKh3S

LOCKHEED MISSILES & SPACE COMPANY




R_

PAGE IS POO

{TY OF THE

iu

sl

v - U

Fory 4

ORIGINAL

v

VIV ~ TOUINOD SUNLILLV JOZINEJ ‘SLINN IS = INAINO HALNIWOD 9-8 ‘D1

—oooooocouv.-noauu>—uuoau>xu<cplano-unooooocomom
10486009920° = ( AL1J073A Iviovy +
104S966469EC° = (GSx) AL

‘es (87) NOILISOd WIVNI«g508)

0T4A WIvuie=nl §0400009555°=2 (Bx) NOI11g0d MNIVhLeNI
0Y0Tavg 341 04 FALLYIH ALIIOIIA ONY NOILIGOA EVIWNND
00000000° e 3yil

0040000005%° w Qdd 00400000050° w 19d4H 004000000

38 2046066500 = 34TL NINM ONT 11IM IVANIINT ONINIVEL J3g 2008066pchd°® 01 L3834 IVAYILND ININIVNL 1740}
T8 4348 NOIRVHOIALNI HIAvA 31 00400000060 0L 03U3ILTY J1vH anINYL ViVD

S¥ILIN SO4xedloN2e? 3@ 1Ix IINYY INL ONy Jig G0edgen01oi®

* u 9dN

® NI ¥N3J0 V1IN HIVOUWddY L133MVEN

69010°1 s W1} 100952095140 * 39NVy £0=220,950°c = *;313 0040161264 e & 412V
£0+Znoecaoce s N1l 204E909001°y = J9NyV 0040€S29tE 1@ = *A3Yy 00421522.8°2« = g1y
€0+200829009 » NI} 200001 2090°T =& 39NV 004526060255 a 7393 00+Evatont®ie « *412v
£041266130p w NI} 10+£0999§5°e = 39wvy 100020006800 = *A313 00+RIavRIE T 412y
£043966020°2 s M1y 20+6093212°1  » 39NVY 004222pL2E%Y = *A3Y3 0043200960t = *wIzy
0000000°0 s i} 20%6755500°T = 39Wva 102519,208% s *p3y3 10°092b9i1°0= = *417y

{ I SUAE) ONY ¢

\j

. 29NYN WILIND 330x3 39nvy NOILISINGD
—— 904b15S5008° = (ENILIN)  K0eel§65001° 904025845v1° = e: 2 .hn-..no Y NORLISINDDY
00000000 o 052 1004610699200 ® a2
90040235705 o [TV ¥00455SQEL08°  w ala
00000000° » [ 11 T00+febeglte? ¢ (11
X AL13093A avniAYd AAZ3093A ONY
200400009409 o 12 S00+v.0p2E08® © 12
00000000¢ o Y mo..eoeocmwu.. s IA
200*9Z0I8T2v" [§4 w0210 002" © I
NOILTg0d OVDIAYY NOIAISQd 904
FuILINVIVd WILEIN]

00000000* §0+gGhOoRETee 2040p)g
M1l 8y IH9IN 183d 40 oMV

20e18044052°
SrxVelydan ALIJSBLNIDDY
901 49 SL43ININI sleNp

00000000° 20400000008~ 20400000006°= 20400000006° W0=9i005eZ8’  QoeeoLoNIZs® s0=i8c9g/92°
Tl I8V LHOTy 1y34 42 Y 3V9Y ANZD NITIN) SIXV=rYWendg A 13108§N3II23
$31171734vg QVOIAYY 40 EININIT3 (dQND
1040000059¢° s loail 10466669920° & {004 “104666069920° s 10213
60¢0000955¢%s o |} $0400009265°= 8 o §0400009245° = 13
Ovolave *1°¥°n 901 40 ¢31VNIQy00) IFAILYIY
£00400000002° = Xywjj} 00000000° = 3up)

SNTODI8 UIANINYH INTINIOG

8-7
LOCKHEED MISSILES & SPACE COMPANY



(T.NOD) 9-g *D1d

LO+ELESiNSE" = D35 *ROTSS3S dNINIveL HOVI NI LN3IdS 3§ 01 JRIL

SLNIHIYNSYIH HIZNLI0 SAN0D3S |BeSPIEYLIs® 0L 31% ONIXVL VaVJ Q3SIVY JAVH I *SAN3K3¥IN0I AdVandd¥ ALIJ0T3A L334 O

50150735 10+891€3296° & § H3UAYNSYIW 40 D, IIVdS L53S01D 5NIJNGd5345UI 3AL SINIOd vivG 00T NOTUISVE
*5anu3S E0HhEES10990° B 03G3IIN TYAMILNT 9410IVal LSILUOHS 3HL
T0-0C00%h 2 A4120713A G310dwdd NI AOTAVIA YVanvas d

2ush1Sh0262* = wWOIAISOd GHENSVIW NI NOLLVIAZQ QuvaNYiS V uod

C8v225542ni° & 3ive Lh3sddd Lv V1L 37d4550d FOHIXWA  [0+ate1¢e0L =8 3iva IONVE
uelS9L0001° = Jssa3AvHL 36 OL IIVISIA Yo+99hh2001° = CvUIAYd 04 3ONVH
90+ ne5250S (RIALIOLY 5045919L06%°== (21A1204y 90+ 192066989°=5 (1)AIJ04Y

GYUIATd 3HL OL 3NTIVIay hollIsud Si9Ny 40 39AITHONN INIWWNI

UUE0Q0Q0° = (§)A0M.SY 00000000° = (2)A0%LSY £0*0Ju0HhUL* =8 (1)AOHLSY

WINTINTH SIHL NI J3AIvIs 36 ol JIVOTAVG=01-JATIVIIE=NOTITSUd
20+00000462° 2 D35 *NOLSS3S ONINIVYL MIVE Wl Ln3ds 38 ok 3wid

SIXY 9nlwdou of didsivdl sSoud 30 vsiVdddV AuVNIL1Tdad
SEXY ONiNI00 IVUIAVE HO Sc04d3T43d=0ur3y A0 SLIWIT ONIMIIA NIHLIM LON SI ond

SUFUZIRE6TET = BNIATIA H04029339=0d130 903 SIXV 5alnJul Woud JINVISIJ J16VeI 0L WIHIXVH
S0+6855hsl@® = SIXY DHINDOG 01 VHUON IINVLSIe

Ju0uGo0” 2WIVHL 5350a0
V0V00000* sIvVIaQVe
£0+U000gHOE =  =AIVYHL NI

00000U00°  &adVul SS0HD
00000000° aviavy
1040000h8g1 " SAIVEL NI

AdA AUMLSd
¥0493p ALL2073n VNI 034i§3Q 40423A 39nVa IvLiIs U3I41s30

10°0620L492h° 8 LA §0+928%L065°~ B L)

10+1229842R° 8 QVuA S0%3INSlleSY = (UVE

10+4991hhot* s Ala SUr8Y686E S~ = LI
AINOSA A3INOSd

QVOIAYd ol 34 ALID073A aV2AYg o0& 138 nOILTS0d

CUFGSSERITTT ZOFGLUGI0ULE"  CU¥RRLIShLIZEe”
Ie) avy 11
~OELISOd
Vi¥J 0342941X3 HLI# 0ILVIJOSSV snol1VIAIT GuVONVLS
10+0620492h  EADYH1e5504) SOvi0Uh92eh*=  =AIyHl=SSUY¥)D
1C+6860992h° = 1¥Iuva Qu¥aT6e9205"~ s vIdve
1040990L896°  ®XdVal=nl 404000094585~  =AIVHL=NI

AAVHSA ALVHISS

¥0123a 13A 13y U3LIY4lX3

¥01J3A A%HVu 03iJVdLXT

UCUUD0DU® =3Wll TVAQILNT 9NIHIHLVD V4VQ U 1aviS OL 9.4l0HodS3ady) SLTNS3Y

10%1962042h° = (G5Z) ALIJ0N3n XOVEL=SSUH) 804L9hiLues’=3 (57) NU11150d %ovuEl=-5508)

10e28868n20° = (dSA) ALLJ0T5Aa T0ldvE
10429060696 = (USX) AL12073n AIVdA=H]

50494084004
H0¢3pHuULNYS" =8 (SX) NOILISOd AIVUL=NI

3 (SA) NOILISOd VICVM

*GV0TAYd 3hl Ui 3ALAVI3a ALID0NFA Unv HOTLISCd 1RIYENT

200%000001hn* 2 WLl

101104 $3n7A IYNId

8-8

LOCKHEED MISSILES & SPACE COMPANY




(L.N0D) 9-@ °DIi

WSIVaddy AYYNILHIT3Yd 40 UN3

JOFTOGSRRTTY  2U%QURYRGUT™  cosLiIOvSIT

19 avy 11
NULL1S0d
VaVu 0310VuixX3 HaIW GILIVID0SSY SNOTIVIA3T JUVANVIS
LAY IV EO SAIVYL=SSU¥) 50420454069  2AIYUL=SS0Y)
10¢2200802h* =V iuve S0+95854065% =1viAvE
1Ceh2990L9L " sXOvdleNl 904 192606L85°~ =NIVYL-NI
ALVHS A ALvHsH
YOLD3IA N3A 4y TALOVRIX3 d0A)3A ASNVE Q31OVUiX3d
2040660660hn° =3WIL IVAUIANT ONTYIHAVO VAVA a0 LYviS OL ONICGHO4SINYOD sSLInSIy
10*ho2ou95h’ & (U52) ALID0Tan A5vdi=3508) Sute006ouena’~3 (58] NOI11504 NoVUL=350W)
10+199¢8h8e* & {QSA) AL1,0713n VvlQwy SUs9LLSh255°%°=8 (SA) NOILISOd TviCYY
10412626208° = (Q5X) ALID0V3n AIVHL=NI SU4Ehhet225°%=8 (SX) NULLISOd NIYule=Nl

*dvoIAVd 3HL ol 3A1LVI3E AL1O0TIA OnV nol1IS0d LRIYUNT
80046666%0606° = IN1L

HoT10d S3nvA VIS

10418¢60820° & (GSZ} ALIDOTIA NIVYUL=SSUUD $0%1n56L068°~3 (52) NOILISOd XIVHL=SSOUD
10¢2209ghen° & {gSA) AL§J013n TVIdvY 8U+S9194065°=8 (SA) NOLLISOd TVIQVYM

10462993698 ° = {QSX) ALIDOTan NOVYL=nI 20% 19266855 =x (SX] NOi1L1S0d HOVELI=NT
*QV0TIAVd 3HA OL FAILVI3¥ ALIDONEA Unv NOILISOd ANIHWND
200400000ihh* = 3WIL

1S

10%60666hL8° = Gand 10%66666hie’ ¥ iDan  00*00000051° § HaH
Loeuoehps9s°

LOCKHEED MISSILES & SPACE COMPANY



(L.NOD) 9-g

£0+t6eGT8%° 2 23S *Nwnt TVHIZ 380338 JLINDVaL 40 HOILVONG CU+IEEeTLETY 8 D35 *Nen@ TVNIJ 1VNTHWON J0 NOTIVWNT
S§gN0J35 20+992e422n"  YINOIY 1M S31412073A VenuON G3dIs3u d073A3Q o» Lsnf

) T0+903 089217 10TAJ3uI0 HAISNVHL UL WON ¥0L33A A .
00000000° NOILJ3WIU VYidZ 3ni NI ANINOEHOD 10490106921 N0I4J3410 Vi3 3HL NI ANINODWOD ALID0T3A cuznuuo
5ANQI3S 20v8S85¢e9L2¢®  3¥ING3d 1HA SITLIJ0T13A IVWYON IN3snd 1IINYD 0L Asnf

. 00+19.L50a9" HOT153810 U34SNVUL OF TVUYON J0153A ALTO0TIA VUL
Q0w 11£52291° 1HOIL2341d V1s 04 AVHaON AN3N0AIi0d 00+ntn01h99 =n0T423410 Vi3 3HL NI ANINOAWGD ALIJ0TNIA ANIUNND
{ vy 04 131veVd) 10+2066910L° 341433080 TYNI4 Ouvs0L Q33dS LNISINd

SNOLLVINDVYI Tl

A3M0TIV HNWIXVW HYAL SS3T Si 3iVY 394Vd OnILSIXI 9iISH d43ISNVEL d0 ~O1LVHNG 03LD3dX3
SANOIIS 20+992¢e2en’® 381ii0ad TIn $31412073A IVWYON Q3HISIu ¢013A3Q oL Lisnf

10v90100921° 1101403diG d34SNVul vl TYHYON dOLI3A ALID0T3A ViDL

00000000° NOL.33dlG Y132 3nd NI LInN3NUalivd 10#90106921° NOTLI38I0 Vi3 3HL NI ANINOJWOD ALID0T3A Q3ulsad
$0v0235 €0+8592942¢°  3YIN03u Nim S31113013a J.:zoz Ahddend Amuzcu ol 1saf
Jurlsuse aSvVul UL

UOv1IE82291° 101423410 Vi3 04 vWuoN_Lw3N04ii0d 00+nEhGIh99 ~NOTI4AD34IA Vi3 3Hé NI »zmzou;ou >p~uoau> d3gund
1504034 39wva 0L 137IvaVd)  10*60L5410L® 3ALLI3rd0 TTyNld Udymos 033dS LAN3SANd

2718V4ig322v _FONVLSIA SSIKW

(40423A 39NVa UL 137VIVeVd)  1042060910L° 3A14040r80 TYNI4 QuVn0L Q33dS LN3ISINd

90+060E9EL6* = Sd3idW *0ASHIAVEL 30 05 FINVISIT
93dSHVul LdVLS 0L SKHOILYLNGWO0D 3INVAINY IVILINI

10*E gt u0ugh®  EADyds SSUY) S0*aUiSEENG = AIvHL $508)
100289, ¢uSh® = IvIava SO*EhORGURG > = 1VIQVY
10+46L062668°  ExdVad NI GuUegBt2L0EL = XIVHL NI
NAINOSA A3In0sd
NaNg av 14A ‘138 ndNE AY D34 3ONVH

SNOILVLNJWOD NOLLLIduUD SSOud

10*CdEs0u2h* 8 LOA S0*S01sy6nG°= 3 L)
1Qe2L9(EUGN" & GYY¥A S0*en9hegnS~ = g
10e50L0dtEt® & LIA S0eyetdives™ 3 U1
AJNOSA A3nOst
4VQIAYa ui 38 44120734 Qvola¥g va M3y nOLLISOd

L0+agbens%6® = (235) Ivnadinl SnIXJvel HO Nunb 40 NOLLVHNG VALIY

d34SHVHL SSUYD 30 LuVLS

8-10

LOCKHEED MISSILES & SPACE COMPANY




10%99R41490°

(L.00) 9= *DId

(QSZ) ALio07gn NJVHL=SSUU) u0¢@nhhaght’~s (ST) NOILISUd NIVHL=5S04)

10*10n1hhBe"
10+e5e 04908

{aSA) AL1D0%3n Widvw [RI1%4] Py NOTLTS04
(0SX) ALid073n XOVui=n] S0+504E0EES =3 ($X) NOILISOd NIVHL~NT
"OV0TAVY 3HL OL 3AILVI3YW ALID0T3A OV HOILESOd ANIHNND

t00%68005608" = FWIT

i0v60660hie® = Jan 00%g000U00SI°* 8 19dH 004000000%¢° = 9dH

ASNuHL 40 HOTLVYOIUINT WITUIUAN AM Nent HUAd3Dd3INI J0 ROTIVINWIS

Q31337931 3w TR dav 3218 d315 HOTLVedaIND WYRL 5837 ST Wang SINV=Y d0 NOTIVINg -
21 434S NOLLVEOILNI HILVIH OL 10+06656h20° 0L GIVWILTY 31VY ONINYL YiVQ

nUtEnyccdlTY = ATIIVHIROYGdY ST INIL NIRK ONF TYIN eNY - SIRE
J3S 00%26Lusd11® = 135=Ndn SIML NI INIONZ ANO HO 3IWIL NMNG 1SILYOHS
23S 2uvtnin9922° = 13S-nunB SIHL Nl INIONT ANG NO 3WIL N¥NE 1S3ON0Y

20*Lhin992e° = 2

10+50E40LLS® B A OU*¢oliLil® = x  (23S) sHune ININOJWED aLID0T3A 40 NOILYWNG
3125 9345 ~ulivaOIANT HILVIl 04 10%06666hi6° 0L QINILTIY 3ivd ONINVL Yiva

00+549ui089° = 2 QUEISE9T¢hi® 3 A 20=9EhL6096 ~8 X

EUV*b00056606° 3 Wi 40 AlL 00+hhieoe89® & wvualdd 00¢nn169eB9° z  8AM130
PYH_Nu B IVILIY YVw <N g3u1$30
QUTBRLhSSHI®= = LOA viT30 00*E9BELNLE"= & GVHA Vil30 00¥920708%s* 35 1A vitad

duldin Neng

$0s9hagy2e B Lunsd
Q34dS/3INVLSIU

10%6ulaL oL’ z 0SA L0+L9 TheEL " & WENSY
033e5 ¥4dSNVai LSI0 SSIW 03M23ex3

8-11

LOCKHEED MISSILES & SPACE COMPANY



STTEVINVA JNINI TOUINOD SANLILLY &OEIYId SLINN BSTIONS = INJINO HSINIWOD L-@ DL

(35004530 SOUANYANYLASHL) QIWOSSY ST T0uANOD 3ANLLLLY 4D3dudd

0U000000°  SA V4140 Nl ¥0udd LNIDUdd 10+00000052° 3 LIV 25 VHieW] HOWINEW Sd
£0+00000001* £0+00000001° A hd ¢ (114 o¢ M

ASNGHL ON3 TWu34V1  LSnuHL 9N WIXV  iSiiuHA ON3 NIVW dSI ON3 RLETCA T

Su3i3WVivd NOISINJOud —
2u*t00000LL 90*0000000n* 00000000° 1140000000 *
Wi Ad
IONYu J40UNVLS {»3) 0uiN0I 3INIOND SO

SudLINVUYd AINVGIND

NN SIHA NI u3Sn 3¥ 171 SLINN HS1I9N3
$040000002)°  F duil *X¥u S43iSU0hE A10AD ANIwd  00400000081° = 324S 4315 HOLAVMOAUNL

$I0UANGD WYHI0Ud

AQNLS ININVU ONE IDVeS

suy YAVO YAANINVH ONINI0Q wsw

8-12

LOCKHEED MISSILES & SPACE COMPANY




(T.000) L-g °DIi

0040000000%° = ((1)13A'10L) QUNSY AV 0B1LIHNEY ALID0TIA  00*000VUDDS® = (XJOUA) UIIFdS LOVewl YNI2 OWisIA

(39nvy hxoucooma<. Nwoeceoohn-. L —onﬂu.. AL13013A SNINIOU J«Q—u U4 Q3On03y S1 dive F9NVY zv—qx v woz<“
0¢+0V000001° ® SiXv ONINJ00 04 NISSNVML SSOND ONINNVIE NI S)

A1
¥ SNIND0Q NO OINONIV IONVYH

HINIH
Q00u0000° = & 24NN 00000000° 8 2 2uND 104000000013 & | 2UNA
(SANIS0D NOILISUIQ) SIXV PNINIUG QVOIAVE 40 NOLLVINIIWO

SHL2nVaYd. DHLNI0G

NGOOOO&OO&F. 3 (HN) F0NVY NOLLISINUDV NWOSNIS

00400000002°  ={N1Wa)_2DIV) uIssN¥yL HOA 1$S10 NIM  20400000002° & QIOMSINML #INVASIQ SSiw

00000000°  aA Vi3I0 N! NOWWI ANDDuid 20¢00000001° 351XV 3J00 04 ¢24SNYYL ¥Od L HAWINTH
20400000006°  231ONV=4IVH °A°0°4 WOSNIS rc.eooeewp: -w._.x- ¥00 04 ..u;m.."“p «o« w..»_.» nnz_x:.
t 3 ! ] *
1040000000} ° SSNOIAVANGHOD NuNG dod Q3N0TTIY 3WiL 00%000000%) © 23xVL VAVO A5V SSANIOJ VAVQ NIAIMLIE L
hO*YRhEhI0I® = SSVW VA0l 9L 2U*0000Q292° = SSYM 13N4 DNA XNV BN
—4UP000)gu¢pt 3 sSVK 3IR2 SNJ MIYN ONA AUS0RNEND9)S . B SSYM ANG 9NL
SINIVA ANdN] W3IHLO .
00000000° 00000000° 090000000 ° 00000000° 00000009° 00000000
u«... ..m svly 2v svig auvN 3 SYI1@ aave 2V svig aive 29NV svig 0NV
2w=000000%8° 20-000000%2° 00000000° 00000000* 00000000° 00400000008 *
a¥a uyMn 225/0YN 235/9ve
hY) . v FIXTIRT ] 3ive 2v Ve IONVY I9NVY

SLndNl SVIQ ONV NOILNT0S3IM WOSN3S

{45918) Sn01AVIAC GvONYLS
904159081 LN 90%,5%908 120 0424900100 90*°45V08I1LN*

10400000001 * 10400000001 * 10460000009 * 10400000004 °
-J¢~ ut:cc 3007

joe AL L)

9,

ﬁ_ ANINOAXD
1040000000} * 10400000001 * 19%U000000 ¢ 10400000004 ° .
1 1d

L0%0R0L I MIL" Lo*oNdSInIL® Lutonesinit’ £O*0hOS I iy "
(USOING) MAIGINONYE
(501} mo3ivalld (507) ninMizy

QINMILANGD SANYASNGD ISION

00000000°

IUUUSIONINT  9UCILO0LILN'  9USPRIOLIAN® 90%SRORILNT  WOPeLWOMILhC  9OVIDMIINT  9OSNGURILAC - S049E0RLLE:
1M1 _JONYN ¥)
1000000001 10%UD00000I  1U*0000000I®  10%00000001°  10¢000DOC0I"  J0°0UD0000I®  10¥00000001°  10*0000000] *
LINIT ONVE NanO1
10400000003 * 00000000° 1040000000 ¢
. . ) 2 . ANINO4XI
10°00000001"  10°00000001°  19400000001%  (0%00000001°  10°0008000)° 109000000017  10400000001°  10400000001°
(0SDMSINIL:  GUSODESIMILT  EOMO0KSIMILS  KOSO0MSIMILS  L0SODMSIMILT  LOWODSLINILT  CMWOOeIRTET  L0sOGesInILs <-k‘
Hi N
41v8 501 13 alvn 501 2y 30vM 2uNva __aonvy

SANVLSNOD 3IFSIOM wUSNaAS

RLPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

8-13

-

LOCKHEED MISSILES & SPACE COMPANY



VIVO TOMINOD SANILILV JOGINEd ‘SLINA ESTIONS = INAINO MIINJWOD g~8 *DId

¢0+000000h1° = (USZ) ALIJ0TN3An NIVNL=SSOHD 9FUC009¢hnbl =z (57) NOLLISOd NIVHL=SSUND
mooocccoe:.. u om». ALE20%3n Jq—ncz cowhrr 61%=z (SA) NOILISOd Jc—otx

20¢
.c«o AVd 3L e.— 3ALLV 3w ALID0V3A UNY NOlyg mcs pzwfau
00000000° = 3IHIL

245 20400005801 ° = Wil NIHM Ans TVIM IVAUALNE ONINIVWL 235 T0+0UU0SEHI® 0L 1353y TWAUILNI ONINDVNL TViOL
44 90021400R21°% 38 LM IONYM 3Ha ONY J3S S04R0LRGL0I® 3 NI NNDJO 1IN HOYUMDDY ASIHVAN
hO*n0ERSL0° ) 5 JWi 10*n528110°C = IDNVH 10°80L6599°h & A3Va ] 10=1 1401259~ = °*WI2V
t0%62hen09y 3 3l jo%2Letebi’e = IONVH 109642018 2 ABT3 10495.02L0° 1~ 8 *WITV

L0+5121206%0 = Wl 10%0hn9100°n 3 AONVE 10e6hblhedE = A3 104623L69%0°h= = *UITV

L0+9090151°2 & 3Wid 10%1691199°h 5 JONVY 10°4845429°C 3 A373 10¢ag22128°n> & *WilY

3 . v A
( IWVed IYLI8Y0 04 AAKLYIZN ) (235) WL WALSAS ONY *(WN) 29NYe *(S33uD3U) SITONY 00T TYNINON
2ONVM IVILINT SQ330X3 AONVH NOLLLSINODY
90465500684 x (4d) 20¢Lihs0Chs® B (NN} 3DONYE TVILIND 90795905140 = (14) 20400000944° 3 (MN) 39NYM NOLILESINOIY
00000000° 3 ail 200* 1966660 1° = a1
$004000L8001* = adA $00%0¢ang001° = [[17Y
0000U000° 3 aix 20Q+826¢0842° s gix
ALEI0IAA QYDA ALI20713A ONL
£00400000002° 8 i1 900+8L%E 906 ) * ] i1
00000000° = AA 900*00t82281°~ = i
400429014080 3 AX bporyiotigsls = iX
NOJ41SOd QVOIAVE NOI1LISOd Oni /
SHILINVYUYY TYI4HAN]

V00U0UDD®  CO+eB%8Yhg (°~ 20e0hPeBe (i~ (O*YI0)PhE)®  00%25hthe )it eo*delesiil®  20-e6Li0152°
Y - -
Sofiy 40 SAN3INITI LidNO

* 20400 = 20¢ Qb= 20%00000006° =098 8492
ML ISY LHYIM ;u; 40 Su¥ 9NV INDD NI IND m;?_.i:o:uv ALIJLUINDIII
$3417734YS OVOTIAVY 40 SiNIWII ATNN0O
20°000000%:4° 3 A0QLI 20*000000h( * 5 A0UY 20400000041 °* s L0G4D
90+00kwe2el "~ LIRS ceoecora:o..u LR} 904009Chho I~ s 1)
QyoIAve 4% 0 SALYNIONOO) FALLIVIIN
$00+4000000L1° = xWWid 00000000° z  3ANla

SNIDIU MAANINYW ONILINDOU

8-14

LOCKHEED MISSILES & SPACE COMPANY




(T.800) @@ °*DILi

ssasetetics  02134N00 SIXV ONINIOG OL yaJENVHE asoesssedy

204000422320 » S8yN JOM4 SdV SNTNTVNIM

LYYV 1

¢ » S8yn JONG BN NIV, NINSYNAN  0¢00%0L001° = B8yl WiOL SNINEVNIV

SAINIY ONTRIT) W0L9FTI7Ua0yi3u NINLIN $1 ON1

£OAZZHIZLIE® ® ONINITIA ¥OLINHANCONAAN yod SIXY ONINIOO WOMJ AINVISIQ 2V8v¥IT0L WANIXYM

SOQ2069161° »: gInV NINJ0Q o) vWyon 2OnVigl0

00000000°  syIVHLI S80MD s eyjyuy 880N
00000000°  «VIOVY s #YiQvy
T0+9000000¢" awdviUl NY LIRd4R2 111 AALINR F1L) g M
AdA AOMLSY
I [} NI 0NN V013K IONVY WWNIJ NI
O LI GROEYL " ¢ LR Y
10eE3104020° & QyNA (1 ® avy
10400008%0g® o LIA §0005i2002%e * 1}
LY L I L KINOSY
GY0IAY4 04 3¥ A113073A OvoAve 04 v NOTAIEOe
1osefovbdly’ dlelenlics’”  2oeunioone?
r T4 uve J 3 4

zo—“n-os
Vive 0249vuExd wilm O03LVIO0ESY SNOTAVIAIG QUVONVLS

2oepgisetgele oIV
10=0go9ERIC,  enyi0

188049
v

C0620126001°%s SNIVN]880Y)
B0495300891°  *vi0vy

TOFEINITVOET =iy
. ALVHEA i
01334 13A V3N 0315vnixd

4°N1

YO00V500 3411 SVANIINY SNTVINIVE VIVY 40 1WViV U1 ONIONOGRINWOT S1TNeRD
20010226928 s0 (082) ALID0TIA NOViieggoud S0*05Lle00] e (82) NOTLISOd NIVyieggou)d

TVFIY BRvF~ SWIVEISN]
AJYHSN
¥043A daNVy 031IY9433

YUSTRYRNE I ¥ tUeX) ATT0 A IVIOVE H 03434004 ML 0¢ Tvig¥y
100£1080v06° » (08x) ALIDOTIA NIVWien] wu. L8O N (8X) NOILTSDd NIVNieN]
avdIAvg w1 04 A

14V73¥ 44130734 ONv NOIL1gQd LNBWNND
e W

#0104 sANTVA TYNI4

8-15

LOCKHEED MISSILES & SPACE COMPANY



(L.NOD) g-g DI

20°LL9059267 =8 (Q82) ALID0N3A NIVUieggoud SQeLERLe061°%s (62) NOILIGoM NIVHi-880W)
to=50t0020° & (G6A) AL130703A 1viIQWM 29o25265591¢ ' (SA) NOIL1s04 vIgQVY

To+v000INIR" & 2 ) . 0 wl=N
QY0lavg Ind 0} FATLVIAN ALIIO0ONIA ONy NOILISOd LNZWNND
700°0000Q.01° = 3wl

00900000051° » Gdn  00+00000061° = I94W  00400000051% % 84K

66660662° & INTL NIHM ONI V1TV IVANIINT SNINIVEL 38 2009000g801* 0L L3834 WAydINT aNINIVHL 1V101
§0=65012¢90* somes012¢9 1§=212a50819° FYNOg=ngel 0y
{31131 [34d43 104 14 2-2..1. IN3INO4n0I INUDIE
90»96205559° o0e06205850 1p=c2668iioe ININOGWO) LS¥Iy
HANNTZY NOILVA3Y3 29608
e JSIOR "4V GNOTLVIAIU UHYONYIS
200£29069.5"% o 1OA SoelL006061%« ® L]
102C6064020° & JVlA Boe2£266691° = avy
TO4ROOUENOG™ s ITA WRTiEwes*s 11
AINOBA AINOSY

AY0IAYe 04 T34 AL15073A

Qvoqavd 04 Vay NOTAIBUM

GNOTLVANGWOI ININIVEL ISuN0IQIN

00000000°%  wNIVHL 850MD 00000#00° =NV, $80y)
L1114 T A i d AL bddddd b1 A4 LAl L1 1]
00000000006°  aN3VHL NI 20400900481« muvHL NI
B Y1) T [ 1 | 7 { §

¥0193A AL12073A NI O3NIsdQ

#0L93A ANV TWNI4 QdylgdQ

8-16

LOCKHEED MISSILES & SPACE COMPANY




(T:N00) g8 ‘D14

V04 [gsnberS™ & WIAATIVH

*370Y14390Y IV Y §3719NY=AGOE ONY SALy907an poTllISOM

£0.00099201°  20w2,10n650°  00+099ne21E° & ALI3073A LV3UNND

10=12664890°  00+Sphobvene®  10+10000005°~ ¢ NOpiyS0d Lva¥uNg

ToeBo¥IOVST"  1U+0000005R TU#{5000VS¢™ = Tg90) 3oNvy3T01L 3 TONY

10-00000005  10-00000005:  ¢de00000002e @ " y3yyN310L ALp3013A

S .. _6090000000s° _ 00400000005’  13+00000082° w _ 3Inyw210.i HORLISOM
13 avy

o 00ep9sP ERS® » MO Tq  1040000SL0T® ™ uyA  BVe0gole _

EAXV NIV NY €3XY A008 n33v130 g3TONY

HIVONddY 1YNI4 804 dN=338 40 AJv(030V MO SLE3L 40 gliNngady

£0»00b99201° & LIA T ToeLi806089° WA T -
20-27100664° @ QVNA 0041202051 ® gvy
.. 00s0pgbe2ig® u LIA Tosv2ipiogg's w 13
KINGeA AINDTy
avolavg

04 Iy ALT30%3

av0AYd Ul Y3k NpIilsvd

_20410000291° ® (238) WANIAND SNINIVHL MO NB'@ 40 NOTiVMAQ TWNyDV

go=eipod2Ln® LI I TIETY 3 £0=26205175°
. SR & R | 1. R ¢ N
NDI1T60d
YAVO 03)3VHLX3 Wilm w3LVIOOBSY 9,0TAVIAZC UYYONYLS
h E0eOCOIGNIZ%= wwIVUISEEOND To=I00bbUT6"  EWIVEI~-$EURY
T0e6n2E1901®  w¥Y10VH 1o428040nLlyre ®mYygCvy
0042969280¢°  wwd¥WieN Zos20205@oyee ®Mywgens
ALYNEA ALvASYy -

NOLIFA 13A 12 290)vuixd

. ¥OLIZn 3D%VH UFLIVNAXY
£0400000222% s2Wl} TVANIANL ONINIMAYD YAVO 40 ABYLE UL UNICkDdBInyOD §1053W

£0~5Tooepoi® = (Ag2) ALT2003A %IVMlaggO¥)
_20u6607¢056° ® (GBA) AL13073A 1Yluyw
c04Tobnb21IL’ = (AEX) ALII0I3A N)IvHi=N]

10=0LYGLOGR" ® (§2) NOI.3g0d NIVHLI«SEOUND
004£1262951° 8 (SA)

NOXIL180d Jvluy¥ .

O rIcanERi s (Ex) PULITE0d ¥IVHLI=NT

*QY0AYg dul U1 3AILvAan ALTIO073F ONv NOSLIISDd LN9¥NND

£00400004987° = INIL

M01T04d g3NTIVA Tynld

8-17

LOCKHEED MISSILES & SPACE COMPANY



(L.N00) g *OLi

_#%3 021374w00 ¥IANINVH ONINIO0 sus

20405267450 & B8vA TINJ 84V 4074y04y3d BIANINYW PUAAY 4T _
. ne.oooo~wmo. u GSVH dUNd In3 NIV 8~IN1VWIY

20+0@h29966% = SSYA d0ud £dY OININIViIN

8-18

10¢60L26501° = GEIW MIVyL=0804)

104699, 2600° 5 SC1W NOIL1gO0J VIQYM

7T 000000€0° & BEIW NUI1T60a ¥IvHieNI
$83IHINI NI S3UNVLIRTO 6STuw

YUTe0R0ed T ¥ {Us2) AlT0 ¥3IVEl=gg0uy VVU=TheeTloiv [ 01116804 nIvii=§e0y
2072L30np60° & (08A} ALID013A ‘viQvy 004480c 210° = (8A) NORLIg0d IVIdQVy
. 00*odape2lfe ® (dgx) ALIInIIA wavhienp  90-62602611'=8 (g5x) NOL, 1504 wdvia=vl
. £0+§0622692° € N300 WNTd 40 aNIL
NOTAIS0e G3INJ0Q YINYS 0L All3073A UNY NGIAGO4 4O NOTLVIO4VNLIXD
U [TN0STY & AdA-yiV3Q WIBT  B0GBae0R g 30 IADTIN

p0+S20S9L 01" = SEVH Tviol SAINIVu3N

e 00000000  =sylvidi BEONI 00000000°  =x)yul €6UN)
0000000¢"  sVIUVY VOOt T IVIUYY
0040000000¢®  suwdVHL NI 10+0008088g¢= mnayus N3
AdA o ST T TUAOMEBY T T B

¥0J33A A1190734 NIy aduligig

404234 39nve TYNI4 AddIgda

£0"g0n9920f"°
20°2L10pe60°
00*0dgre218’

s (062) ALII013IA XIVUL=gEON)
8 (QsA) ALYJ013A IviOVy
B (dgx) Al1d07T3A X3IVULeN]

10=T4652198° & (§2) NOI(Ig0d ¥IVUi=§80YI

0045hOpbeG2° @ (A) NoIi1gOd IviOVY

~m._aoooo°w..- (6x) Nl 1e0¢ NIVHiaNT
1398wy 3HL 04 3AAYIIN G ONIN0"104 IML

YEUNGIIS EUFUOOUIITET LY VAN VA YN 3

LOCKHEED MISSILES & SPACE COMPANY




STHVIMVA INdNI TOYINOD SANLILLY ATTIVISIA

‘SLINN BSTIONE = JNJINO WAININOD 6~9 °DIA

1060009508L" 104000060¢4° “”....m...a.
110 M Indul NIN
——— _ 900° 0009900¢° 200099000
) N . ] NTYS YINNVHS R INVIEROI Iy ANNOW T0NINGD
fossonince?® i06000c0cs2’ 1g*000005¢s’ 2050000595 20%000059qe°® m.e.n.n..
0400000004 €0400090008° coe00000001° p0e0Pey2ke2’ vospongege’ na..q.ez:..
L. {8nUAL puing) 20nelily. Nite 21vy
PR — £0e000 L4 [ . . . .
. Nive NOIL1GOJ YILuINE 40 S NINON
wiitd MYA Tvo¥ . willd (1] 10y
SNILANYNYE 30NL3E4Y
. 00000000°  ®A V1120 NI NONNZ INBIydg  $0¢000000c2® = LI0 290 NT wANINEN g4t
£040000000§° __ £0e00080001¢ 50000040051 9 £84°°° " g0e099000cp° Coaanogovyst
L8NUHE ONY TUILYY  LennNl ol IRy  LenuMd SNy NIV 98T gng treai¥N gl *ON3 ylxy 48l *sN3 Niwvn
S3313INYNY4 NOIEINYOUL
seelovonon® 204000001 200000004¢3°
1 4y 4N 30
00090000° 00000000° 90000000¢ 2000900903 L] L q.quww«..n. 20400000002¢
A 15 R 1) REITIR T R TRIITT) anvaSNOD ARLL wBia1e 3aNvOING
-.w-...-”..m. #0a ® . ® ..u 00 15000000901 _
AL

o ']
SINTTY *RILING *8NY *ivY

- nd
BNV J40QNYLY 443 0ULN0I ANIONS VixY

SNALRNYNYE FINVELNS

NAY GINL NI 0380 38 11In SiINn W81IOND

20e00000002° ® INI] Oxvi

tdnigoove 3V023 InKNg

1000000000¢°

11 o AZI¢ @218 NOTAVHOALNE omin0d 20ni11)Y
810u1N0D WVHBOR4

AGN4g ANINDOA g 3IVeR

#8¢ Y)IV0 VIANINYR ONINDOQ ease

8-19

LOCKHEED MISSILES & SPACE COMPANY



VIVQ TOMINOD FANLILLV AFIIVIEd ‘SLINN HSTTONH = IN4INO MALNIWOO OT-Q

20%14996990° 20+Ln2g19%2° VOSLOLNSLBL® A
10*9800hh9y* 10*49846%98° 00%09900911* GNYHD
Hadld ‘NYA 1308
AS(HA TOMLNOS 3ANLIALY
e R040Lat0002°  E MIL}d- 4 0480%20ah1° B AVA __________1Ussalslif2® = 104
(235=87) S13F ¥INOY0OL FONLILLY 40 35INdWl WLOoL

‘ L]
00%ptLs2is2® - al(Qve) HILld 00*h9lasel(®  s(Qvy) MYA 10=26426506° =lavy) 10M ¢ AGOY
00¢ish2n9e?®  sllvy) HILld 00+5068690¢*  3(Cyy) HvA 10=91he0L0N®  =(Gvd) 1704 syand
00¢h2n2p920° a= i 10ea 218604 £000006000§°  £0¢0000000;°
ViHd ON LV1 ON TVIXY A3A Y1030 WAOL  ASNEHL VAALY) LSNUHL WIXY
S¥3LINVEVE ONd
00+0000%2he°~ eooeoooovw ‘e hO=%i96ti2® £0=1h050g1y° 10499692290~ 404000040L8* 3SION g3uwaL14
0040000%20¢ °= 00+00000%52%~ hg=SL9¢Ly)2° po._aero._a“ 10498, 9g2on: £0#000028L4° 3SION HLIM
L 3 - -
HLNNTLY NOILVAZII vy 3 alvy v ALVy NV FONVY
SIXY AQO¥ SN4 OL 3ALIAYIAY Viva
AL T TY X1 S 00*CLoS%ohh9l° 10ey1gLo0Yh° "~ §0%¢0inS00I° 2021 Ln0n9I*- L0%pL22008%0"° ond
00464 1 5hgsse 00¢geLihhy| - .e.c~rn.o¢3. pe.Nc..wo-_.. 200t )06891° L0+152)108%8°~ QV01AVd
=5 AV Wigvy #IVy =Nl 04 3ALLAVIIN
YiVQ 43HL0 UNV SOLLVWANIN IATAVIZM

h00~p08L0562°> = qdl 000¢nh0[8h2Ws° = aiz

s00*04e%¥00* = Q1A §00*00651000)° a QA

200495,9¢h02%> = aLx 200+¢96L8908° = QIX

04312073A UVOIAVE AL3I0T13A Sna

$00%650600661° 3 i1 L00*n9g96st® = Y]

900¢L6nl0082* 3 AA 900v509%16423° = 1A

snosntolegtl’ = AX _600*5L016QL1" = X

NO14150d GYOAVY NOiLLISOd Oni
SHILIWYHYY IV IAMIANT
£00+0U000008° = XvyWli 200¢000094L2° 3 3WIL

8-20

LOCKHEED MISSILES & SPACE COMPANY




Section 9

CONCLUS IONS

9.1 DOCKING CONTROL STRATEGIES

A position update (autonomous navigation) could be advantageous after the
rendezvous injection burn if the autonomy level selected for the Tug is I or
II.

Strategies are required in the event the Tug does not acquire the payload
during the acquisition phase, or the dockirg aid for the final docking
phase,

Impingement could be a very severe problem during docking or abort. The APS
forward thruster should be disabled far from the Tug. The attitude control
system logic should be mechanized so that no forward thruster will be fired
in the payload vicinity. The affect on attitude accuracy and rate and total
impulse should be studied to assess the impact of this mechanization includ-
ing the cross-products of inertia and center of gravity offsets and travel.
During the coast from the standoff point to latch-up all thrusters should be
disabled except in the case of an emergency abort. If an sbort is required
only thruster normal to the x-axis should be used. A provision should be made
to inspect the payload docking mechanism to see that it is not obstructed

or damaged.

Low-G propellant slosh could be avery serious problem for the Tug. Potentially
it could have an even greater effect on the vehicle then impingement. Analysis

of this problem is strongly recommended.

A six by six Kalman sequential filter for the docking sensor data is recommen-
ded.
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9.2 DOCKING SENSOR REQUIREMENTS

A position update capability would reduce the field of view requirements.
For the specified rendezvous injection accuracies a minimum 143.72 KM

(77.6NM) acquisition range is recommended.

9.3 DOCKING MECHANISM DESIGN

The androgynocus international docking mechanism seem suitable for the Space
Tug. The center-line miss distance specification should be made as large as

possible.

9.4 ABORT

If an abort is required only thruster perpendicular to the vehicle x-axis

should be fired. Additiocnal impingement studies are necessary.

For a given payload configuration the driving parameters on the total impulse

used for the abort are:

(1) The docking mechanism position error allowance normal to

the docking axis and the maximum latch-up velocity.

(2) The translational control capability to reduce the velocity

normal to the docking axis to a small value.
(3) The time allowed for the redocking attempt.

(4) The time availasble to clear theApayload after the initia-
tion of the abort burn. This time is simply the distance
from the payload at the abort time divided by the docking
velocity (VDOCK).

The run down the docking axis to redock consumes the most APS total impulse

for an abort.
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Section 10
SUGGESTED FURTHER STUDIES

The suggested studies in this section would provide needed analysis to fur-
ther define the requirements and configuration for the Space Tug and to pro-

vide support to the Aero-Astrionics Laboratory.

(1) Training at MSFC in the Use of LOCDOK

LOCDOK is a fairly complex simulation. Previous experience has shown that a
minimum of two weeks of instruction and customer usage, at MSFC, is required
to proficiently utilize a complex simulation.

The training will comprise lectures, supervision of runs by customer person-
nel, and aid in debugging problems.

(2) Program Modification

The documentation provided under the present contract is not detailed enough
to permit experienced programmers to modify LOCDOK. Invariably, after a
period of use, desirable changes and sdditions become evident. The necessary
programming support can be provided to the Aero-Astrionics Laboratory.

(3) Incorporstion of Low-G Propellant Slosh into the Space Tug Automatic
Docking Simulation

Low-G propellant slosh could have a very large impact on the Space Tug Mis-
sion. Propellant slosh could affect the Tug mission capability and require
redesign of the Tug subsystems. Lockheed Missiles & Space Company has been
involved with low-G propellant slosh and propellant manasgement systems for
many years. In addition to extensive analytical efforts, Lockheed has
written a technical brief, Ref. 15, that details the suggested effort.

10-1

LOCKHEED MISSILES & SPACE COMPANY



(%) Control System Modification

The results of the impingement study have shown that it is undesirable to
fire the forward thrusters in the vicinity of the payload. ILOCDOK's detailed
attitude control simulation should be modified to simulate and analyze the
effect of this mechanization on the Tug's attitude control total impulse,
pointing accuracy, and limit cycle rate.

(5) Autonomous Navigation

For higher autonomy levels, the Spece Tug will probably require an autonamous
navigation capability. A position update capabllity will reduce the FOV
requirements for the docking sensor.

Table 10-1 shows potential concepts for autonomous navigation. It is assumed
that stellar inertial reference, computing, and time reference capability are
availsble for on-board navigation. Specifically, space vehicle navigation is
performed with all positions and velocity camputetions done on board the
vehicle. It 1s further assumed that a low-g accelerometer is considered in
each of these approaches for purposes of measuring accelerations due to tank
venting and other unscheduled vehicle perturbations. Certain of these sensor
types (e.g., horizon sensor) can be considered for use during initialization
and for backup. A block diagram for a typical orbit navigational system is
shown in Fig. 10-1. Since three positions and three velocity coordinates

must be corrected with perhaps only one or two measurements (range, for example,
is just one measurement), the selection of how much correction to make to each
state must follow an orderly process if the solution is to converge. The Kal-
man filter has the algorithms for the orderly "sequential filtering" of the
measurements. Teble 10-2 contains excerpts of Kalmen filter, linear system,

and noise equations that would have to be studied and implemented for autono-
mour navigation.

Another suggested study would determine the optimum Kalman filter for Space
Tug. The study would include Kalman filter compatibility and possible use
as a data filter for the docking sensor.

10-2
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(6) Impingement Studies

A significant study would be the effects of impingement on saome typical
payloads. Payloads with solar panels, antenna, and other asymmetrical shapes
should be examined. In addition, the impingement effects on the Tug itself
vhich give rise to torques and high temperatures on the skin should be
analyzed. This study would optimize, within the constraints specified by
the customer, the cant angle of the APS thrusters parallel to the vehicle
x-axis

(7) APS Total Impulse Optimization

Section 2 allocates 411.9 Kg (908.8 1b ) of APS propellants at the start of

docking. This allocation is marginal for a normal docking and would not be

sufficient if an abort or non-nominal trajectory occurred. It is suggested

that a study to optimize the total APS impulse be made and the allocation of
propellant be reassessed.
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